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The purpose of this project is to develop a predictive capability for welding 
penetration depth during high productivity Gas Tungsten Arc Welding (GTAW), in 
which the high welding current and travel velocity turn the weld pool into a thin liquid 
layer in a morphology known as gouging region. High productivity welding relates to 
heavy and thick section materials. To date, very few studies have focused on this regime, 
despite its wide use in heavy manufacturing. 
This study involved mathematical and experimental studies in many different 
alloy systems and welding parameters that fall in the gouging region weld pool 
morphology (typically welding currents were higher than 180-220 A and travel speeds 
were over 3-4 mm/s, varies due to the material type). The mathematical model was based 
on the physics of the process, which involved the equations of heat transfer with the 
proper boundary conditions accounting for a thin weld pool, heat input, arc pressure, and 
plasma gas shear. Order of Magnitude Scaling (OMS) was applied to the heat transfer 
equations to estimate the characteristic temperatures and velocities.  
In experimental studies ASTM A36 structural steel, AISI304 stainless steel, CP 
aluminum, AA5083 aluminum alloys and CP Titanium (Grade 3) were used. The 
experiments were performed using the bead-on-plate technique in autogenous D.C. 
GTAW. Experimental matrixes were generated based on the welding current and travel 
speed, where other parameters were kept constant.    
The gouging penetration modeling was provided a reliable scaling law and was 
validated by experimentally measured penetration depths. The estimation of penetration 
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CHAPTER 1 INTRODUCTION  
 
The goal of this study is to model weld penetration depth when there is a gouging 
region. This study presents the theoretical background for the analysis of weld 
penetration during high productivity gas tungsten arc welding (GTAW) and validation of 
weld penetration model.  
1.1 Objective 
High productivity welding typically involves high travel speeds, high welding 
currents and thick materials. Common applications of high productivity welding include 
line pipes and manufacturing of heavy equipment. 
This problem is relevant, because the welding of thick materials is always a 
challenge in industry. In the manufacturing of heavy equipment, welding at high travel 
speed and current lowers cost and labor input.  
Gouging region mechanism is desirable in welding. Thick materials and pipelines 
can be welded by using this type of welding at one pass, where a following torch or filler 
metal should track the leading gouging torch to complete the weld. Understanding weld 
penetration in this regime will bring a better control to the process. If one knows the weld 
penetration depth, the welding parameters for that specific material and welding method 
can be accurately adjusted.  
1.2 Distinction of Welding Penetration Mechanisms 
The earliest studies of weld penetration proposed a closed-form expression based 
on welding current, voltage, travel speed, and process characteristics. This expression, 
which is explained in the further sections, made no distinction of penetration mechanism. 
Further studies showed that two different penetration mechanisms can be 
observed in arc welding: recirculating flow penetration and gouging region penetration 





molten metal flow at lower welding currents (<160-250 A depending on the material 
type). 
In the gouging region penetration regime, any molten metal that accumulates is 
ejected from the weld pool by the coupling of arc pressure and plasma shear stress. The 
heating action of the arc occurs almost directly over the solid substrate, with little effect 
of convection at the thin liquid layer. Figure 1.1 illustrates the appearance of gas tungsten 
arc (GTA) welds with recirculating flow penetration and gouging region penetration 
mechanisms. Figure 1.2 displays the longitudinal cross-section of gouging region 
penetration. The photos were taken from the end sections of the welds. The arc is 
terminated before the torch is stopped.   
 
  
Figure 1.1 Typical appearance of weld pools with (A) recirculating flow penetration on 
AISI304 stainless steel at 100 A and 1.2 mm/s and (B) gouging region penetration on CP 








Figure 1.2 Longitudinal section of gouging region penetration of AISI304 stainless steel 
at 500 A and 17 mm/s, showing gouging penetration (scale is in mm). 
 
Few researchers have stated that welding penetration was generated by the direct 
action of the welding arc on the solid-liquid interface at high current arc welding [1, 3, 4, 
6-14]. Despite its industrial relevance, gouging region penetration has received less 
attention than recirculating flow penetration and there are no quantitative expressions for 
its estimation. 
1.3 Research Conducted for this Dissertation 
This study included mathematical modeling and experimental studies using D.C. 
GTAW. For modeling, governing heat transfer equations, mathematical expressions and 
Order of Magnitude Scaling (OMS) technique were used. For accuracy of weld 
penetration depth model, thermophysical properties of the materials were taken from 
ThermoCalc® Software, JMatPro® Database, JAHM® Software, CINDAS® Database and 
several other literature, as presented in Appendix A of this dissertation. 
A literature survey about welding penetration depth at high current and travel 
speed welding was performed and will be presented in Chapter 2. This search focused on 
the gouging region and related weld penetration studies, as well as the recirculating flow 
penetration mechanism, where a change in weld penetration was observed at high 
productivity arc welding. In Chapter 2, two penetration mechanisms were explained and 






After generating experimental matrixes for each set of materials depending on the 
model and machinery limitations, the experiments were performed using a Miller 
Dynasty 700 welding machine. 2% Thoriated Tungsten electrode was used in a vertical 
torch. The laboratory setup for the experiments was specially designed and is explained 
in Chapter 4 of this thesis. The measured penetration depth values were used to validate 
the results obtained by modeling, and linear regression analysis was used to estimate a 
correction function for calibrating the theoretical model.  
A promising trend was observed at the end of this study. Several materials were 
tested and the model was validated. The model accurately predicted penetration depth in 
GTAW, when there was a gouging region.  
The specific contributions to welding were, understanding of the occurrence of 
gouging region and welding penetration depth. The mechanism that generates gouging 
and weld penetration were explained and clarified in this research. 
1.4 Organization of Dissertation 
This introductory chapter outlines the objective and the purpose of this study. 
Following chapters present the literature survey on related topics; recirculating flow and 
gouging region weld penetration. The modeling section includes simplifications, analysis 
and limits of the problem, as well as the analytical model of weld penetration. In the 
experimental section, laboratory studies are expressed in order of the experimental work. 
Process maps generated for each alloy are introduced. Following the experimental 
section, results and discussion are given. It includes the validation of the experimental 
and weld penetration model and the model simplifications. The correction function for 
weld penetration is presented. Concluding remarks follow the results and discussion 








CHAPTER 2 LITERATURE SURVEY  
 
In previous studies, weld penetration was investigated and factors affecting this 
have been addressed by many researchers. The penetration mechanism is specified as 
recirculating flow at relatively low current and travel speed. Weld penetration was 
generated mostly by the motion of the liquid metal in this mechanism. Main forces that 
drove the recirculating flow weld pool were determined as surface tension driven 
Marangoni forces. First studies on weld penetration in literature were performed on this 
mechanism, while the change in penetration mechanism was also observed, but not 
studied in detail. 
 
Table 2.1 Relevant literature for this research. 
Author(s) Year Remarks Details 





Improved empirical penetration depth calculation in 
SMAW. They reported mechanism change >300A 
Christensen et. 
al. 1965 Arc crater 
Solid base metal exposure to the arc due to the 







Central penetration, depressed weld pool at high 
current GTAW (250A). Direct digging of the arc, 
mother drop in GTAW 
Demyantsevich 
and Matyukhin 1972 
Arc crater 
Plasma shear 
Weld pool crater, high current and welding speed 
increase, arc pressure and gas shear stress theory in 





“Gouging Surface”, finger penetration at high current 
and pressure, surface exposure in the weld pool to the 
arc 
Matsunawa 
and Nishiguchi 1979 
Arc crater 
Surface depression 
Deep penetration in narrow gap welding, High 
current (500A) and high travel speeds cause the gap 





“Gouging Region”, explanation of defects in GTAW, 
thin liquid film layer moves towards back in weld 
pool while leaving a gouging region 
Lin and Eagar 
1985 
1986 Arc crater, Vortex 
Current increase surface depression increase and 
digging the weld pool in GTAW 
Mills and 
Keene 1990 Review 
The depressed weld pool at high current GTAW 





Arc pressure data for Gaussian distribution and 





Table 2.2 Relevant literature for this research (Continued) 
Author(s) Year Remarks Details 
Haidar 1998 Arc crater 
Surface depression in GTAW and GMAW of SS 




Digging is observed >180A in GTAW penetration 










At >200A current GTAW, surface depression is 
reported 
 
2.1 Research about the Weld Penetration 
Recirculating flow penetration was formulated by Gunnert, 1948 [15], after 
Claussen’s study in 1948 [16]. An empirical formulation for weld penetration is 
introduced and is dependent on welding parameters. Gunnert’s formulation was 
generated using welding current, voltage and travel speed and was valid for shielded 
metal arc welding (SMAW) and submerged arc welding (SAW) methods on mild steels 
[15].  
Jackson and Shrubsall [17] modified the empirical weld penetration formulation 
using a constant (K) that captures the correction for the welding method and material. 
·⁄ , where p is penetration depth; I is welding current; S is travel speed; E 
is welding voltage. They observed the K value was between 0.0010 – 0.0019, and was 
good for the Unionmelt welding conditions in SAW and in SMAW (coated electrodes). 
The calculated welding penetration versus measured penetration depth for SMAW 
(Figure 2.1A) and SMAW (Figure 2.1B) methods are displayed in Figure 2.1. However 
the welding penetration formulation of Jackson and Shrubsall (JS formula) was not sound 
at high welding currents (>350 A) due to a mechanism change, when the arc pressure 
increased, as shown in the top right section of the Figure 2.1B [17].  
2.1.1 Modeling of Recirculation Flow Penetration 
Some other experimental, analytical and numerical weld penetration and weld 
pool shape models were also presented in literature about recirculating flow on stationary 





and Zacharia and David [20] investigated heat and fluid flow and cross-sectional weld 
pool size up to 150 A welding currents in stationary GTAW.  
 
 
Figure 2.1 Measured penetration versus JS formula graphs: a) For type E-6015 electrode 
(SMAW); b) For grade 20 Unionmelt welding composition (SAW) [17]. 
 
Some other experimental, analytical and numerical weld penetration and weld 
pool shape models were also presented in literature about recirculating flow on stationary 
and traveling GTAW and on Gas Metal Arc Welding (GMAW). Zacharia et. al. [18, 19] 
and Zacharia and David [20] investigated heat and fluid flow and cross-sectional weld 
pool size up to 150 A welding currents in stationary GTAW.  
Friedman [21] put forward an analytical finite element model by investigating the 
effect of weld puddle distortion due to arc pressure on weld penetration in GTAW, when 
the penetration is controlled by the recirculating flow dominated by the surface tension 
flows. He also concluded that the increase in welding current elevated the heat input and 
arc pressure [21]. Lu et. al. [22] studied on the numerical simulation of the interaction 
between welding arc and weld pool. They built the model for both the arc and weld pool 
using fluid flow and heat transfer [22].  
Kou and Sun [23] studied further on weld penetration and force balance in the 






computer model and the dominant forces for fluid flow were identified as the buoyancy, 
electromagnetic and the surface tension gradient at the weld pool surface [23]. Later, Kou 
and Wang [24] simulated convection in the arc weld pools in 3-Dimensions (3-D) using 
mathematical modeling of heat and fluid flow [24].  
2.1.2 Effective Forces on Recirculating Flow Penetration 
Heiple and Roper [25, 26] and Heiple et. al. [27, 28] put forward that the 
recirculating flow mechanism was dominated by the surface tension driven Marangoni 
forces in GTA weld pool. Figure 2.2 shows how surface tension driven forces influence 
the GTA weld pool  [25-28].  
 
  
Figure 2.2 Fluid flow patterns in recirculating flow weld pool of stainless steels: A) high 
aluminum, low sulfur weld pool; B) high sulfur and low aluminum weld pool [25]. 
 
Lu et. al. [29-31] worked on activating flux effects on the recirculating flow 
penetration in GTAW. They investigated the Marangoni convection and weld penetration 
in activating flux GTAW welding (ATIG) method and observed an increase in weld 
penetration when there is an activating flux (Cu2O, NiO, Cr2O3, TiO2 and SiO2) on the 
weld pool [29-31]. Effects of fluxes on weld penetration were also investigated by 
Schwemmer et. al. [32]. It was concluded that some flux mixtures affect weld penetration 
by influencing the arc stability, viscosity and interfacial tensions in SAW, depending on 
the iron ion content of the manganese silicate flux [32].  
Tsai and Kou [33, 34] numerically modeled the Marangoni forces and 
Electromagnetic-Induced forces in the convective arc weld pools [33, 34]. Roper and 





GTA weld pools using 21-6-9 stainless steel. In Figure 2.3, the factors that are affecting 
the GTA weld pool were displayed [35]. 
 
 
Figure 2.3 The forces and factors affecting the GTA weld pool using 21-6-9 stainless 
steel [35]. 
 
2.1.3 Surface Depression in Recirculation Flow Weld Pool 
Lin and Eagar [36-39] studied the weld pool surface depression in stationary and 
traveling GTAW and the effect of this depression on weld penetration. The authors stated 
that together with convective flows in the weld pool, arc pressure generated the 
penetration, caused by a vortex due to the toroidal flow parallel to the arc axis, as shown 
in Figure 2.4 [37]. However at higher current values (>250 A for AISI304 stainless 
steels), weld penetration was dominated by another mechanism which the authors could 
not explain with the convective action of the weld pool [36-39].   
Choo et. al. [40] modeled the welding arc and weld pool using mathematical 





velocities were computed and compared with experimental results. Choo and Szekely 
[40-43] modeled the weld pool shape and behaviors in stationary GTAW by focusing on 
the heat and fluid flow dynamics. They investigated the flow type of heat and fluid in the 
Marangoni convection dominated the weld pool. 
 
Figure 2.4 Structure of compound vortex that was generated the recirculating flow 
penetration by the surface depression due to the circumferential rotation of the liquid in 
weld pool [36]. 
 
Choo et. al. [40] found that at high currents, plasma shear stress dominanted over 
the surface tension driven forces in the weld pool, and the plasma shear stress was 
deforming the surface of the weld pool (approximately above 200 A for stainless steel) 
[40-43]. They also put forward the idea that the gas shear stress could be balanced with 
the drag force of the molten metal [41]. Figure 2.5, shows the forces acting on the surface 





schematic indicates the physical occurrence in the work piece, right side shows the 
modeling domain [40]. 
 
 
Figure 2.5 Schematic representation of the welding arc and recirculating flow penetration 
dominant weld pool [40-43]. 
 
Mills [44] explained the welding arc and weld pool interactions by surface tension 
driven forces and the effect of these forces on weld penetration in GTAW, ss shown in 
Figure 2.6. The straight lines represent forces due to current flow and the dashed lines 






Figure 2.6 Longitudinal cross-section of the GTA weld pool exhibiting liquid metal flow 
from front to back that enhances the recirculating flow weld penetration [44]. 
 
The effect of thermophysical properties, process parameters and surface active 
elements on the recirculating flow weld penetration were summarized by Mills and 
Keene [45]. It was also noted by several researchers that at higher welding currents weld 
penetration mechanism changed drastically [9, 37, 39-41, 45-48].  
2.2 Gouging Region Penetration 
The gouging region penetration had previously addressed by Demyantsevich and 
Matyukhin [12], Yamamoto and Shimada [4], Matsunawa and Nishiguchi [11], 
Razmyshlyaev [14], Akahide et.al. [49], Ishizaki [10], Shimada and Hoshinouchi [3], 
Guu and Rokhlin [8], Rokhlin and Guu [9], Mendez et. al. [50], Mendez and Eagar  [1, 
51, 52],  Soderstrom and Mendez [2, 53], Mendez [54-56] and Yarmuch et.al. [57].  
2.2.1 Observations of Arc Crater Formation 
In literature, the “crater” in the weld pool was observed at high current and travel 
speed. However, weld penetration in this case was not understood, which is this study’s 
focus.  
The earliest observations of gouging region were made in early 1950’s by Jackson 
and Shrubsall [17]. They noticed that the weld pool was different at high currents and 





change in penetration. The change in weld penetration due to the depression of the weld 
pool was observed by Doan [58], and Doan and Lorentz [59] using precision radiography 
in flux coated SMAW. Christensen et. al. [60] also observed that the solid metal was 
almost exposed to the arc because of the increasing arc forces at high power inputs 
(≈8990 cal/s) in SAW welds. The excessive digging action of the arc caused a deeper 
penetration than the calculated penetration depth by the conduction theory. Figure 2.7 
displays the top view and transverse cross-section of the “end crater” from Christensen 
et. al. [60]. 
 
   
 Figure 2.7 SAW of mild steel at 1170 A and 33 V; a) Top view; b) Transverse cross-
section [60].  
 
Bradstreet [61] observed “arc crater” formation in the weld pool when the 
welding current and travel speed were high enough to generate a surface depression in 
GMAW (wire feed speed 20 to 63 mm/s). He performed welds at 415 A, 10.58 mm/s (25 
ipm) and 26 V using GMAW. Figure 2.8A displays the “finger-tip penetration” caused 
by the Argon 2% Oxygen mixture shielding gas, and Figure 2.8B shows the transverse 








 Figure 2.8 A) The top view of the “arc crater” and; B) the transverse cross-section of 
weld penetration showing thin liquid film under the exposed weld area, after “hammer 
blow” test [61]. 
 
Ishizaki’s [10, 62] studies on SAW and GTAW showed that by increasing current 
and travel speed, weld penetration became deeper due to the excessive digging action of 
the arc (above 400 A and 5.8 mm/s in SAW and over 250 A, 4 mm/s in GTAW). In these 
observations, the liquid metal under the arc was forced to move toward the back of the 
weld pool while leaving a “crater”. Ishizaki examined the gouging region by using 
“hammer blow method” and investigated the “direct digging” heat transfer mode to bring 
a better understanding to this exposure of the solid base metal to the welding arc. Figure 
2.9 displays this occurrence [10, 62].  
 
 
 Figure 2.9 Exposed “crater” in a GTA weld, when the “mother drop” traveled towards 
the back of the arc [62]. 
 
Lin and Eagar [36, 37, 39] observed an abrupt increase in penetration depth at 






observed in welding penetration depth, because the amount of current that goes to the 
formation of the crater and to sustain the crater was different. The authors observed a 
tunnel cavity at currents between 250-300 A, which did not allow heat transfer after the 
formation of this cavity (crater) [36, 37, 39]. 
 
 
Figure 2.10 Penetration depth versus welding current in GTAW of steels  [36].  
 
Matsunawa and Nishiguchi [11], studied high current GMAW on narrow V and I 
groove welds. Application of high currents (>350 A) displaced the molten metal in the 
weld pool and generated deeper penetration. This eliminates the lack of fusion in the 
weld zone. The first weld was aimed on gouging the substrate. Following passes aimed at 
filling the groove completely [11]. 
In later observations, the weld penetration mechanism change. When welding 
currents were high (reported by Lin and Eagar [36, 37, 39], Rokhlin and Guu [9], Mendez 
and Eagar [1], and investigated in exploratory experiments as ≥160-250 A differed by the 





2.2.2 Effect of Arc Pressure and Plasma Shear Stress 
Lin and Eagar [36, 39] showed that, welding current (200-600 A), arc length (2, 4, 
6 and 8mm), tungsten electrode tip angle (30°, 60°,90° and 120°), and shielding gas (Pure 
Ar, Pure He and mixtures of those) have a direct effect on maximum arc pressure in 
stationary GTAW. As shown in Figure 2.11, arc distribution resembled a Gaussian 
distribution in the range of 300 to 600 A welding currents. Also, they found that with 
argon shielding gas, the arc pressure was higher than with helium [36, 39]. Choo [63]  
also put forward the similar results as Lin and Eagar [36, 39], after he studied arc 
pressure and plasma shear stress. 
 
 
 Figure 2.11 The arc distributions in stationary GTAW welds at various electrode tip 
angles; a) 30°, b) 60°, c) 90° [39].  
 
This phenomenon was also observed by Adonyi et. al. [64] in Buried Arc 
Welding technique (Subsurface GTA Welding), where a non-consumable electrode was 
used to start the argon arc and submerged under the surface of the base material. The 
schematic of this submersion is shown in Figure 2.12, where the electrode tip immersion 
depth is d, the molten metal thickness below the arc is δ, arc length is l and the total 
fusion zone penetration depth is H. The effective forces on the weld pool were 
investigated in this method as well. The arc force versus welding current is displayed in 





Figure 2.13. It was also noticed that the arc force has a power law relation to welding 
current at increments over 200 A [64]. 
 
 
 Figure 2.12 The schematic of longitudinal cross-section of Subsurface GTAW [64]. 
 
 
Figure 2.13 Arc Force versus welding current for surface and subsurface GTA welds. 
The electrode immersion was varied with respect to the surface of the base metal [64]. 
 
Demyantsevich and Matyukhin [12] investigated molten metal movement in the 
weld pool by using buried GTA welding by using a non-consumable electrode without a 
filler metal. The welding current varied between 270 to 530 A and travel speeds varied 





pressure. The arc pressure depressed the weld pool and pushed the molten metal towards 
the back of the gouging region. In Figure 2.14, the gouging region and the flow of the 
molten metal towards the back of the weld pool are displayed schematically [12].  
 
  
 Figure 2.14 Schematics of the gouging region and the flow of liquid metal in buried 
GTAW [12]. 
 
Adonyi et. al. [64], Lin and Eagar [36] and Guu and Rokhlin [8] found that the 
arc force displayed a power law relationship with the welding current. They discovered 
that the arc force was influenced by the electrode tip geometry and electrode to plate 
surface distance (arc gap) at traveling GTAW when the welding currents were over 200 
A [8, 64], or over 250 A [36]. 
The arc force was elevated at high welding current due to the combined effect of 
the plasma gas pressure, electron impingement pressure and electromagnetic force [13, 
65, 66]. The arc pressure depressed the weld pool and pushed the molten metal away 
from the weld pool, resembling a “keyhole”. Plasma gas shear force dominated the weld 
pool when the weld pool surface was very depressed; leaving a “gouging region” under 
the arc, a “rim” of molten metal around it and a “trailing region” that is a bulk of molten 







 Figure 2.15 Schematic of high current and travel speed weld pool [50, 51].  
 
The force balance at this regime was explained by Mendez and Eagar [1, 51]. The 
arc pressure pushed the molten metal to the sides and back of the weld pool while leaving 
a thin layer of liquid metal propelled by the shear stress of the plasma on its free surface.  
The main force that generates the gouging region at high welding current and 
travel speed was determined to be the plasma shear stress (aerodynamic drag force of the 
arc) and the balancing force was the viscous force of the molten metal at the trailing 
region. Some of these forces were put forward by Ishizaki [10, 62], Choo and Szekely 
[41], Peirce et. al. [67], Mendez and Eagar [1, 51]. 
In this thesis, the plasma shear stress was formulated by using a extrapolation of 






2.2.3 Observations of Thin Liquid Layer 
Rokhlin and Guu [9] investigated arc force, weld pool depression and the 
relationship of these to weld penetration in stationary GTAW of mild steels. Above 200-
250 A, the weld penetration was affected more by weld pool depression due to the arc 
force increase, instead of the surface tension driven forces. As the welding current 
increased, the thickness of the liquid layer between the gouged depth and the free surface 
was observed to be thinner, as shown in Region III of Figure 2.16. In Region I, direct 
heating of the base metal was found to be the reason of a sudden increase in weld 
penetration. In Region II, convection and conduction were discovered to be effective 
together in the weld pool, causing a plateau in weld penetration between 100 and 200 A. 
Because of the direct action of the arc on the base metal, weld penetration increased 
suddenly in Region III. In transition from Region II to Region III, weld pool depression 
was observed. The thin liquid layer of molten metal was measured less than 0.5 mm, 
above 300 A [9]. 
 
 







Yamamoto and Shimada [4] studied low pressure (0.042 atm)  GTAW and 
observed a significant change in penetration mechanism. This change was shown in 
Figure 2.17, where a change in weld penetration mode was displayed. A top view and 
longitudinal cross-section of the gouging region is displayed in Figure 2.18. Undercutting 
was observed in the welds where there is a gouging effect in the weld pool between 250 – 
800 A and 6.6 – 30 mm/s. Gouging left a thin layer of molten metal under the welding 
arc. The thickness of the thin layer (“h” in Figure 2.18) was determined to be in the range 
of 20 to 150 μm in GTAW of AISI304 stainless steel [4], also noted in Mendez and 
Eagar’s studies [1, 51]. 
 
 







 Figure 2.18 Gouging area in undercut bead; a) Top view; b) longitudinal cross-section 
[4]. 
 
In Buried Arc Welding (Subsurface Welding), McClure et. al. [13] observed a 
thin layer of liquid under the gouging region in Plasma Arc Welding (PAW) of AA2219 
Aluminum alloy. The gouging effect was generated by arc pressure. The thickness of the 
thin liquid film layer was nearly 50μm, as shown as dark grey area under the gouged 
surface in Figure 2.19 [13]. 
 
 
 Figure 2.19 Longitudinal cross-section of the end part of Plasma Arc welded AA2219 






Razmyshlyaev et. al. [14] modeled the thin liquid layer under the weld pool crater 
and observed the gouging region over 500 A (max. 1000 A) and 5.5 mm/s travel speed in 
SAW. An analytical solution for the thin film layer using force balance, where the speed 
of the film moving from the front through the arc crater was greater than the welding 
speed, was introduced [14]. Following this study, Mendez and Eagar presented a 
formulation for the thin film layer under the gouging region [1]. 
2.2.4 Welding Defect Studies Related to the Gouging Region 
The gouging region mechanism was the root cause of several types of welding 
defects such as humping (surface protuberances, beading), undercutting and tunnel 
porosity [1, 2, 68]. Lin and Eagar [36] stated that the surface depressions generated by the 
arc pressure, and the resulting fluid flow in the weld pool at the trailing region were 
found to affect the appearance of the weld bead and the occurrence of the weld defects at 
high travel speeds and high currents in GTAW [36]. Bradstreet [61] also observed the 
effect of gouging region penetration on the formation of welding defects. He also put 
forward a theory for humping formation (capillary instability) due to this depression in 
the weld pool and observed “arc gouge” formation [61]. 
Savage et. al. [65] observed arc crater formation due to the arc force and related 
this formation to the welding defect occurrences in GTAW. When the welding current 
and travel speed were higher than a limit (>250 A, >4 mm/s), the weld appearance was 
affected as well, showing undercutting, humping and tunneling. Figure 2.20 displays 
some examples of low and high current defect observations. Undercutting was observed 
in both welds in Figure 2.20B and Figure 2.20D, however there were only surface 
depression observed in Figure 2.20A. Low current GTAW resulted in a narrow channel 
of undercutting on the sides of the welds, however in Figure 2.20D, higher currents 
caused a deeper and wider undercuts. At higher travel speeds, the appearance was similar 
to Figure 2.20C, which was narrower but displayed humping on the bead surface. The 
authors noticed tunnels at the depth of the penetration in Figure 2.20C and D, that lead to 







 Figure 2.20 Typical weld appearances at various welding current and travel speed (arc 
gap 2.4 mm, electrode diameter 3.2 mm, electrode tip angle 90°, shielding gas Argon at 
40 f3/h) [65]. 
 
Akahide et. al. [49] developed a deep penetration multi torch weld method by 
performing welds over the range of 500 to 2000 A and travel speeds of 4.2 to 42 mm/s 
using SAW. In their study, the buried leading torch (lead wire) was penetrating by 
gouging. The following torch was filling the weld bead (trail wire), as in Matsunawa and 
Nishiguchi’s study [11]. The weld profile is shown in Figure 2.21, where the distance 
between two wires was 30 mm and travel speed was 15 mm/s. Gouging region was 
observed in the welding front of the cross-section A-14, where lead wire parameters were 
1200 A, 30 V and trail wire parameters were 1000 A and 45 V. They also investigated 
welding defect types that occur due to the gouging region phenomenon and proposed the 







 Figure 2.21 Solidification pattern of weld metal after two-wire SAW [49].  
 
Shimada and Hoshinouchi [3] observed a “gouging region” in GTAW above 250 
A at normal pressure (1 atm) and above 500 A at low pressure (0.042 atm) on mild steels. 
In their research, the welding defect types and weld bead morphology were classified 
related to the welding current and travel speed. The change in the weld pool was shown 
in Figure 2.22A – E at 500 A and at increasing travel speeds. In Figure 2.22F, the 
welding current was 800 A and travel speed was fixed at 6.6 mm/s. When the welding 
current was fixed and travel speed was increased gradually, the appearance of the weld 
also varied, however gouging region was observed in all cases (Figure 2.22A – E). 
Similar observation was made when the travel speed was fixed at 6.6 mm/s and welding 
current was increased up to 800 A, as in Figure 2.22F.   
The top view and cross-sections of the gouging region were displayed in Figure 
2.23. Transverse (Figure 2.23B) and longitudinal (Figure 2.23C) cross section displayed 







 Figure 2.22 Change in mode of weld pool by various travel speeds in low pressure 







 Figure 2.23 a)Top view; b) transverse cross-section and c) longitudinal cross-section of 
gouging region in low pressure (0.042 atm) GTAW at 700 A and 5 mm/s [3].  
 
Mendez and Eagar [1] studied gouging penetration and the defect formation at 
high current arc welding. They proposed a defect formation mechanism for humping, 







 Figure 2.24 Welding defect formation due to the gouging region penetration: A) The 
first stage of the gouging region occurrence; B) Trailing region is pushed away and the 
thin liquid film solidified prematurely; C) The side channels and trailing region solidified 
and next gouging region start forming [1]. 
 
The occurrence and importance of these welding defects in GTAW and GMAW 
processes were reviewed by Soderstrom and Mendez [2, 68]. Recently, Yarmuch et. al. 
[57] studied the welding current and travel speed effect on humping phenomena using the 
plasma transferred arc welding (PTAW) technique. In their work, it was stated that the 
humping mechanism was observed at >130 A and >2 mm/s on micro-alloyed A656 X-80 





2.3 Summary of Literature Survey 
As shown in many literatures, gouging region weld penetration was observed at 
high current and travel speed arc welding. In GTAW, GMAW and even in PTAW, the 
weld penetration in high productivity welding was generated by gouging region 
mechanism. 
The dominant force in gouging region mechanism was identified as Plasma shear 
stress, which is the wind effect of the moving system on the plasma. When the weld pool 
was depressed by high arc pressures due to the welding current, plasma shear stress blew 
the molten metal driving on the gouging region surface or sides of the rim towards the 
trailing region depending on the welding travel speed. Due to this coupling effect, there 
was a limit for welding current and travel speed that the gouging region (section 4.5). 
This limit varied with welding current and travel speed and was investigated for each set 
of materials and shown in the process maps (Figures 4.9 – 4.13).  
When the welding currents were high enough, the arc pressure depressed the weld 
pool. If the welding torch was traveling, when the weld pool was depressed, plasma shear 
stress pushed the molten metal away from the weld pool resembling a keyhole in front of 
the weld pool. This section was called end crater or end section in this study and was 
used to determine if there was a gouging region or not.  
The balancing force of the plasma shear stress at the transition line of the trailing 
region and gouging region was identified as the viscous force of the molten metal. This 
force was affected by the surface tension and the force balance was further studied in the 
Appendix B of this research, to bring a better understanding to the surface protuberances 








CHAPTER 3 MODELING 
 
The methodology of this study involves modeling of gouging penetration by 
applying scaling analysis to the governing heat transfer equations and validation of the 
model by performing experimental studies.  
The scope of this study is limited to the range of validity of simplifications used 
in the mathematical treatment. The main simplifications include: fast travel speed, fast 
penetration rate and thin layer of molten metal in the gouging region. This limited scope, 
however, is valid for many practical applications and a wide variety of metals. 
The gouging region penetration depth model is presented using heat transfer 
analysis in the solid body. Scaling analysis of these mathematical expressions is 
performed depending on the welding arc properties and thermophysical properties of 
materials welded. Welding penetration for a gouging region mechanism is estimated by a 
power law based on the materials properties and welding parameters known a priori. 
3.1 Scope of The Model 
The modeling of the penetration depth is explored using the governing heat 
transfer equations and scaling laws analysis by the Order of Magnitude Scaling (OMS) 
Technique [69]. 
The analysis of weld penetration in high productivity GTAW is well suited for the 
OMS, because it has a relatively simple geometry and many driving forces acting on it. 
The analysis of this problem is carried out in two steps; first, a scaling relationship is 
obtained for the relative motion of the torch and the plate (horizontal component) and 






3.2 Simplifications of the Model 
Since the heat source moves very fast on the x direction, heat transfer becomes a 
1-D problem in the z direction where welding penetration happens, i.e., both heat loss by 
conduction through the sides of the weld pool and by convection is negligible. The heat 
from the arc is assumed to go directly to the melting of the metal (  
shown in Figure 3.1). Because the heat source does not vary its properties on its velocity, 
this is a pseudo-steady state problem when posed in coordinates fixed to the heat source. 
The heat distribution of the arc is assumed Gaussian. The far ends of the Gaussian 
tail at the front and back of the arc (displayed as circles in Figure 3.1) of this heat 
distribution are negligible, as it will be shown later. 
 
  
 Figure 3.1 Schematic of the weld pool when there is a gouging region. 
 
The simplifications considered in this problem can be expressed formally as 
follow: 
1) When the heat source (in this problem welding arc) moves fast enough, the 





1              (3.1) 
2) The heat input of the arc goes directly to the melting of the material. The heat 
that preheats and creates the temperature gradient at Z direction in front of the arc 
( ), has a small effect compared to the heat input of the arc ( ). The ratio of these 
heat terms is the second simplification of the model: 
 
1                        (3.2) 
 
3) The thickness of the thin liquid film ( ) under the gouging region is much 
smaller than the estimated gouging penetration depth (D̂). This thickness is derived and 
explained by Mendez and Eagar [1]:  
 
· ·U·D̑                        (3.3) 
 
Where µ is the viscosity of the material at liquidus temperature ( , D̂ is the 
estimated gouging penetration depth, U is travel speed of the torch on x direction, and 
 is the maximum gas shear stress. 
Since the thickness of the thin liquid film is very small compared to the estimated 
gouging penetration depth (D̂), the ratio of the /D̂ is the third simplification of this 
model. 
 






4) Because the only arc data available is for axis-symmetric arcs, it is necessary to 
account for how deformed the substrate is during welding. This can be done by 
comparing the penetration to the arc width, which can be expressed as in Equation 3.5, 
for a relatively flat surface.  
 
D̂/ 1             (3.5) 
 
In Equation 3.5, D̂ is the estimated gouging penetration and is the standard 
deviation of the Gaussian distribution of the arc. 
3.3 Typical Scaling Procedure 
All scaling approaches have the same conceptual core in their procedure: 
• Write the governing equations including boundary conditions. 
• Scale the dependent, independent variables, and differential expressions (Some 
characteristic values may be unknown). 
• Replace scaled expressions into governing equations. 
• Normalize governing equations using the term expected to be dominant. 
• Solve for the unknown characteristic values by choosing terms, where they 
are present and making their coefficients equal to 1. 
• Verify that not chosen terms are not larger than 1. 
• If any term is larger than one, then normalize equations again and/or pick 
different terms to solve for the unknowns. 
Roughly,  this  is  the  approach  suggested  by  Dantzig  and Tucker [70], Kline 
[71], Denn [72], Deen [73], Chen [74] and Astarita [75] among others. Scaling 





problem. Non-dominant forces are neglected, and the check for self consistency assures 
that the neglected forces are indeed secondary within the hypotheses considered. The 
estimations of the unknown values obtained with these simplifications are expressed with a 
“hat” (x̂). To have a sense of how the estimations compare to measurements or numerical 
models, the ratio of observations or numerical results to estimations (x/x̂) is used. If the 
estimations captured the exact solution of the problem, the ratio should be 1 for all values 
of parameters, and any deviation would be caused by experimental or numerical error.  
Of course, in complex multi-coupled problems, the estimations seldom, if ever 
capture the exact solution. In the asymptotic case in which the secondary forces become 
negligible, the ratio should tend toward a constant value because the negligible forces 
would not affect the results. In addition, this constant value should not be too far from 1, 
meaning that the estimations capture the proper order of magnitude of the target variable. 
The neglected forces are captured in dimensionless form as the ratio of an estimation of 
that force to a dominant force. If this ratio tends to 0 the asymptotic case is achieved, 
and if it approaches 1 indicates that the neglected forces become relevant, and even 
dominant when the ratio is larger than 1.  
The estimations obtained can be improved by assigning the deviations to the 
influence of the neglected secondary groups, and are identified as x̂+. The improved 
estimations account for forces neglected in the formulation of the scaling law. These 
improvements, however, cannot account for experimental or numerical error, and the 
existence of scatter in comparing the improved scaling laws to experiments or 
calculations is unavoidable. For each graph that relates the normalized observations 
versus dimensionless secondary forces a subset of the available data is used. This subset 
consists of points that fulfill all the simplifications except the simplification used as the 
horizontal axis. For the graphs relating the improved estimations to the measurements, 






3.4 Analysis of the Problem 
The analysis of the horizontal component of motion (at z direction in Figure 3.1) 
indicates that heat transfer is one dimensional (1-D) through the base plate. Next, another 
scaling relationship will be obtained for the vertical component of velocity related to the 
penetration of the melting front through the gouging region (Figure 3.2).  
As a starting point to this analysis, Fourier’s law of heat conduction in three 
dimensional (3-D) space will be used in Lagrangian coordinates (fixed to the heat 
source). For simplicity, constant material properties will be considered.  
 
U                (3.6) 
 
 is thermal diffusivity of the material, T is temperature, t is time and the spatial 
coordinates (x, y, z) are illustrated in Figure 3.2.  
 
 
 Figure 3.2 Switching from Eulerian coordinate system to Lagrangian coordinate system. 
 
For a Pseudo-steady state problem: 0. Scaling of the Equation 3.6, after 





value; for example , a coefficient that does not depend on the independent 
variables, and a normalized function with a maximum absolute value of 
approximately 1.  
 
U 0                  (3.7) 
 
Estimation of the characteristic values can be done by using the dimensions of the 
heat source and temperature. For example / , and , where the 
characteristic value of the temperature is Tc, characteristic value of the distance in x and y 
axis is the half width of the arc, , , the characteristic value of the distance in z axis is 
the thickness of the heat conduction, , and characteristic value for time is 
U
, as 
shown in Figure 3.2. So the characteristic values will be ,  and 
, . The coefficients in Equation 3.7 can be updated as: 
 
U· · · · U· 0     (3.8) 
 












. For large Pe numbers, the conduction term in x is negligible. If 
the width of the weld pool is of the order of the length, then the conduction is also 
negligible. After eliminating the negligible terms, only two terms remain in Equation 3.9. 
Transferring this equation back to Eularian coordinates results in a transient Fourier 
equation in the z direction.  
 
0                (3.10) 
 
This equation has two boundary conditions (BC):  
 
a) 0,            (3.11) 
 
b) 0,           (3.12) 
 
First boundary condition is the Dirichlet BC for pure metal (Equation 3.11) and 
second one is the Neumann BC for the heat flux coming into the system (Equation 3.12). 
q(t) is the heat input at the melting front, and k is the thermal conductivity of the material 
at solidus temperature. The initial condition (IC) is , 0 , when time is equal to 0. 
Scaling of the variables in BC’s yield to normalized functions and coefficients: 
, · , ; · ; · ; ·  and 
· . The depth of diffused heat is , the temperature difference between the 
initial and boundary is  ( ), the conducted heat through the solid body is , and 
the time frame for conduction  
U
, where  is the width of the effective surface, and 





Scaling of second BC leads to; T 0, . The normalized 
functions have a maximum absolute value of approximately 1.  is inversely 
proportional to the heat conducted through the solid body and proportional to temperature 
difference and thermal conductivity.  
 
·            (3.13) 
 
3.5 Heat Transfer Analysis at the Gouging Region 
Consideration of heat conduction through the solid body can be expressed as: 
 
·                                   (3.14) 
 
Where, u is the velocity of the solid-liquid interface through the solid in z 
direction (also corresponds to the velocity of the gouging region penetration into the 
solid). Scaling of the formula of heat conduction under the gouging region results in 
· · · . Again the normalized functions have a maximum 
absolute value of approximately 1.  
Pseudo-steady state is valid when the transient term is negligible. This asymptotic 
regime leads to the formulation of the heat transfer rate ( ), after neglecting the transient 
term and equalizing the normalized functions to 1, as their maximum values. Replacing 










After the substitutions and leaving  on one side, the heat transfer rate on 




           (3.16)  
 
The maximum heat intensity of the arc plasma (  is equal to the heat of 
melting of the liquid boundary layer between the surface of the gouging region and the 
liquid- solid interface (∆ · , and to the heat conducted through the solid body ( . 
 
∆ ·          (3.17)  
 
Where, ∆  stands for the latent heat of melting of the material by mass. The 
term ∆ ·  corresponds to the energy loss due to the velocity of the diffusible 
interface through the solid in z direction ( ). It is the heat of melting of the boundary 
layer beneath the surface of the gouging region.  is the maximum heat intensity of 
the arc, as shown in Figure 3.3.  
Characteristic temperature for this problem is;  as expressed before 
and volumetric enthalpy; · · · ∆ · ·
·  is also used in the heat transfer rate, cp0 is the room temperature specific heat and cpl 
is the liquid metal specific heat, and H is the mass enthalpy from Twp to T0 (initial 
temperature). Twp is formulated as in Equation 3.18:  
 







 Figure 3.3 Schematic showing the dimensions and coordinates of the arc and gouging 
region. 
 
Where Twp is the weld pool temperature at the solid-liquid interface in the gouging 
region,  is the liquidus temperature of the material and  is the temperature gradient 
inside the thin liquid film layer under the gouging region.  can be calculated by using 
the formulation ·  , where  is the maximum heat intensity of the arc and  
is the thermal diffusivity at  [1]. 
 
The heat transfer rate formula can be expressed after plugging in the equations for 
, ,  and  in Equation 3.16, the velocity can be achieved as in Equation 3.19 at 
which the gouging region penetrates into the solid metal. 
 
·






3.6 Gouging Penetration Depth Calculation 
Following the 1-D heat transfer analysis; if the heat from the arc is intense 
enough, estimation of gouging penetration depth (D̂) can be derived with respect to time, 
where u is the velocity and L is the characteristic length of the gouging region, as 
displayed in Figure 3.3. 
 
D̂ ·            (3.20)  
 
In pseudo-steady state condition, after placing Equation 3.19 and 
U
·  into 
Equation 3.20, results in to the integral of the gouging penetration depth on the heat 




·           (3.21)  
 
Heat of the arc (heat input) is calculated according to the zones of the gouging 
region with the melting front and back of the arc as in Equation 3.22. 
 
· · · ·                 (3.22)  
 
·  is linear heat input of the arc ( ), ·  is linear heat input that 
goes toward creating the initial gradient of temperature at z coordinate and  ·  is 





3.6.1 Heat Input of the Arc 
A Gaussian distribution shape of the arc assumption results in; ·
·
. Where,  is the length of the arc column on one side of the Gaussian 
distribution and   is the standard deviation of the arc which can be expressed as the half 
width of the arc (Figure 3.3). The heat input of the arc ( ) can be derived from 
·  as;  
 
√2 · ·          (3.23)  
 
Where,  is the maximum heat intensity of the arc, and √2  is the solution of 
the exponential function in the  formulation 
·
 of the Gaussian 
distribution.  and  are extrapolated using the data of Tsai’s Ph.D. thesis [66] and 
arc pressure calculation in Mendez and Eagar [1]; 
 
14410 · . · .         (3.24)  
 
3.77 · 10 · . · .         (3.25)  
 
Where, I is welding current and  is the arc length. Arc length is calculated by 
using the formulation is D̂/2, where  is the arc gap (electrode tip to work 





3.6.2 Heat Input in the Front of the Arc 
The term ( q · dl∞ ) in the Equation 3.22 is derived by using the equilibrium of 
, which is the heat that goes to preheat and to create the temperature gradient at z 
direction in front of the gouging region.  can be calculated using the heat 
conduction through the solid solution in the z direction and this carries the coordinates to 
0 to ∞ instead of ∞ to 0, as in Figure 3.3. 
 
·∞ U · · · ·
∞        (3.26)  
 
Scaling of the Equation 3.26 reveals the normalized function of the temperature 
gradient at z coordinate as approximately equal to 1. After plugging Equation 3.17 and 
3.19 and enthalpy solutions into the Equation 3.26, one may reach the resulting equation 
for  as in Equation 3.27. 
 
·U· · 1 ∆
·
              (3.27)  
 
The  value is much smaller than the heat input from the arc, . So in this 
study, / 1 is assumed, as explained in the beginning of the analytical part. 
3.6.3 Heat Input at the Back of the Arc 
The third term ( q · dl∞L ) in Equation 3.25 is negligible when the first 
simplification of this model is taken into account, 1. The heat input at the back of 
the arc can be assumed to be far away from the gouging region, so the heat input at the 





3.6.4 Resulting Heat Balance 
After showing the heat balance and solving the equation for the , the resulting 
heat input under the arc column can be calculated as in Equation 3.28. 
 
           (3.28) 
 
The heat in front of the arc towards the negative infinite coordinate can be 
assumed as 1, as explained in section 3.5.2. After this simplification, the heat 
input of the arc ( ) can be estimated as it is almost equal to the heat that goes 
to melt the material in the gouging region: ( ), where 
D̂· · · U. So, after leaving D̑ on the one side of the equation and plugging 
in the value for  using Equation 3.26 for , one can reach to the Equation 3.29 
of gouging penetration depth. 
 
D̂ √ · ·
U· ·










CHAPTER 4 EXPERIMENTAL 
 
The experimental studies were performed at the Center for Welding, Joining and 
Coatings Research (CWJCR) laboratory at Colorado School of Mines. Because of the 
complexity of the problem, the focus of this research was on direct current (D.C.) 
electrode negative (EN) GTAW, in which heat transfer was decoupled from the addition 
of filler metal. 
The GTA welds were carried out to verify the model that was developed. Bead-
on-plate welds were generated by using a “Miller® Dynasty 700 TIG” welding machine. 
In all experiments, D.C. was used with a high frequency start of 60 Hertz. Industrial 
purity argon was used as the shielding gas with a constant flow rate of 30 ft3/h. In some 
of the structural steel welds, a trailing cup with an extra shielding gas of argon (flow rate 
10 ft3/h) was used to eliminate the oxidation in the weld pool due to the high heat input at 
higher welding current levels.  
The electrodes were 2% Thoriated Tungsten at a fixed tip angle of 45° and at 
diameters of 1/8 and 5/32 inch (3.175 and 3.96 mm) within a vertical torch. The torch 
angle was always 90° to the plate surface (Figure 4.1). The electrode to work piece 
distance (arc gap, Lw) was kept constant at ¼ inch (6.35 mm, Figure 4.1). Electrode tip to 
nozzle tip distance was ½ inch (12.7 mm, Figure 4.1). Go-Fer® train was used and in all 
experiments, where the filler metal was decoupled.  
Initial temperature of the base plate was measured prior to welding to calculate 
the mass enthalpy (H) more accurately.  K type Alumel-Chromel thermocouple was used 
to measure the surface temperatures, as displayed in Figure 4.2. Spot welds were 
performed on the same type of material prior to each weld, to wear the electrode tip. The 
arc length (6.35 mm) and welding current (200 A) were constant in all of the spot welds. 
The wait time between each 5 second spot weld was 10 seconds. The actual welds were 





   
 Figure 4.1 The GTAW setup in CWJCR welding laboratory. 
 
 
Figure 4.2 Initial temperature measurements of the base plate before welding. 
 
The sample surfaces were grinded to 80 grit using SiC abrasive paper and also 
sand blasted to remove all the oxide layers. Plate surfaces were cleaned by Ethanol, prior 
to welding. In Figure 4.3, the appearances of the stainless steel plate before welding (A) 















together with the electrode and keeps the arc gap constant. A copper wire is hooked up 
between the nozzle tip and the torch, to have a better arc start. Two steel blocks under the 













Five different metals; ASTM A36 (AISI 1016) structural steel, AISI304 stainless 
steel (high sulfur (260 ppm) and low sulfur (4 ppm) ), CP and AA5083 Aluminum alloys, 
and CP Titanium Grade 3 were welded. Thicknesses of the plates were varied between ½ 
to 1 inch (12.7 to 25.6 mm) where the width was varied between 1 and 2 inch (25.4 to 
51.2 mm) and length was 1 foot (304.8 mm) in all plates.  
Some examples of the end sections of welded plates are displayed in Figure 4.4. 
The gouging penetration initiation was observed in Figure 4.4, when the arc power 
stopped right before the travel speed is stopped. 
 
   
 Figure 4.4 Some examples of end sections; A) ASTM A36, B) CP Titanium, C) 
AA5083 Al.  
 
The welding arc resembled a deformed Gaussian distribution in spot welds of 
AISI304 stainless steel at 200 A, as shown in Figure 4.5. Also high speed video 
recordings of CP titanium and stainless steel welds were performed at 250 and 500 fps. 
The video recordings were performed using an AOS High Speed digital camera. The 
snapshot views from those videos were shown in Figure 4.6 below. The welding current 








 Figure 4.5 Examples of spot weld arc distribution of AISI304 stainless steel at 200 A. 
 
  
 Figure 4.6 Photos of CP Ti video recordings: A) 400 A – 9.2 mm/s, B) 300 A – 7 mm/s. 
 
The welding parameters and sample numbers of all the welds performed in this 
study were presented in Table 9.1 at Appendix C. 
4.1 Sulfur and Carbon Analysis 
Sulfur and carbon analysis of the stainless steel plates were performed using a 
LECO Analyzer in Physical Metallurgy Laboratory at Colorado School of Mines. First 
the system was calibrated using LECOSEL II iron granules. Then, one gram of test 
material was placed into the ceramic crucible prior to each analysis.  
The results of the sulfur analysis of the stainless steels were presented in Table 
4.1. Low sulfur stainless steel plates included 3 – 4 ppm sulfur, where high sulfur 







Table 4.1 Sulfur and Carbon analysis results of AISI304 plates. 
Material C [% weight] S [% weight] 
Low Sulfur-1 0.02442 0.0004 
Low Sulfur-2 0.02472 0.0003 
Low Sulfur-3 0.02881 0.0004 
High Sulfur-1 0.02161 0.02478 
High Sulfur-2 0.02271 0.02869 
High Sulfur-3 0.02168 0.02676 
 
4.2 Penetration Depth Measurements 
The transverse cross-section macrographs of the welds were taken by using 
LEICO Stereoscope between 2 to 10 magnifications. The gouging penetration depths 
measurements (D) were obtained by using Olympus Pax-IT® software. Two to three 
cross-sections from each plate are taken and measurements were obtained from all 
samples. Some transverse cross-section views for penetration depth measurements, from 
both material types, are displayed in Figure 4.7. The protuberances in the macrographs 
were occurred due to the humping phenomena at the trailing region of the welds. These 













 Figure 4.7 Macrographs of transverse cross-sections: a) ASTM A36 structural steel; 600 
A-14 mm/s, b) AISI304 stainless steel; 525 A-10 mm/s, c) CP Aluminum; 500 A-17 
mm/s, d) AA5083 Aluminum; 700 A-17 mm/s, e) CP Titanium; 700 A-17 mm/s. 
 
4.3 Thermophysical Properties of Materials 
The liquidus and solidus temperatures, enthalpy, specific heat, thermal 
conductivity, thermal diffusivity, density and viscosity values were calculated or used 
from the references, as in Table 4.2 [76-8384-87]. In Appendix A of this thesis, the 
thermophysical properties of these materials were presented with respect to the material 
type and material property. 
 
Table 4.2 Thermophysical properties of materials. 
Material Properties ASTM A36 AISI304 CP Al AA5083 Al CP Ti 
Ts [0C ] 1457 [84] 1414 [84] 652 [85] 584 [85] 1668 [94] 
Tl [0C ] 1517 [84] 1456 [84] 659 [85] 642 [85] 1686 [94] 
cpo [J/kg.K ] 449 [84] 467 [84] 899 [85] 952 [85, 89] 526 [93, 94] 
cpl [J/kg.K ] 815 [84] 794 [84] 1176 [85] 1220 [85] 967 [93, 94] 
Hwp [J/kg ] 1.27x106 [84] 1.18x106 [84] 1.06x106 [85] 1.01x106 [85] 1.56x106 [94] 
α [m2/s ] 6.47x10-6 [88] 6.14x10-6 [88] 59.8x10-6 [92] 45x10-6 [85, 89] 8.85x10-6 [83, 94] 
k [W/m.K ] 33.12 [88] 32.96 [88] 237 [92] 147 [89] 29.85 [93, 94] 
ρ [kg/m3 ] 7846 [88, 89] 7912 [88, 89] 2702 [93] 2665[89] 4518 [93, 94] 








4.4 Error Analysis 
The sources of error in experimental studies was tried to be captured by the 
repeatability study and error analysis of the measured penetration depth values, as in 
Table 4.3. Error analysis was conducted using 10 plates of the same material (A36 
structural steel) at the same parameters of 500 A current and 17 mm/s travel speed. The 
penetration depths from these welds were measured using a stereoscope at 10X 
magnification. Equation 4.1 was used to determine the  error percentage of D (Derror). 
The error percentage was determined as 15.03%. In Derror measurements, two to three 
measurements were taken per weld. In estimated gouging penetration, same value was 
obtained for all these error analysis welds, however the initial temperatures of the 
surfaces of the test plates (T0) have a little variation on D̂ due to the enthalpy change by 
T0.  
 
                (4.1) 
 
 Table 4.3 Error analysis of D on A36 structural steel at 500 A – 17 mm/s.  


















4.5 Process Maps 
Before the experiments took place, preliminary experiments were performed to 
estimate the limits of the process maps. The welding parameters (current and travel 
speed) were defined within the range of the machinery limits. The constraints of the 
model were specified for each set of material due to the validity of the gouging 
penetration model simplifications. In the experiments, the current values were varied 
from 225 to 700 A, where the travel speed values varied from 2 to 17 mm/s, depending 
on the material type.  
The gouging region limits were specified by visual examination and generated a 
limit for the process maps for each set of materials. The gouging region limits were 
examined by the observation of gouging of the arc during welding and observation of the 
exposure of the solid metal to the arc, when the arc power was turned off right before the 
travel speed was stopped. In Figure 4.8, examples of the gouging region limit 
observations of CP Titanium were displayed. The data of the GR limit welds for each set 
of materials were presented in Table 9.2 at Appendix C.  
 
 
Figure 4.8 Gouging region limit observations of CP Titanium: A) CP Ti-10 (145 A – 17 
mm/s); B) CP Ti-03 (180 A – 3 mm/s).  
 
In A36 structural steel welding, a limit for oxidation of the gouged surface was 
observed and a trailing cup of shielding was used to enlarge this limit. However, at some 
range in the welding current and travel speed, this limit was still existed and was shown 
in the process map of A36. 
The model outputs (two of the simplifications in section 3.2) were used to 





4.13. Some experiments were done to understand the limitations of the model where 
simplification 1 and 2 are very close to the assumed limits, which was one.  
After developing these process maps, the welds were performed within the 
machinery, gouging region and modeling simplifications limits. The gray shaded areas on 
the process maps were the areas that gouging region can be observed and our aim to 
perform our experiments. The black dots and star dots in these maps corresponded to a 




 Figure 4.9 ASTM A36 structural steel experimental matrix. Circles and stars show the 
welds generated and shaded area symbolizes the acceptable portion of the experimental 







 Figure 4.10 AISI304 stainless steel experimental matrix. Circles and stars show the 
welds generated and shaded area symbolizes the acceptable portion of the experimental 
map according to the outputs of the model, machine limitations.  
 
 
 Figure 4.11 AA5083 aluminum alloy experimental matrix. Circles and stars show the 
welds generated and shaded area symbolizes the acceptable portion of the experimental 






 Figure 4.12 CP Aluminum experimental matrix. Circles and stars show the welds 
generated and shaded area symbolizes the acceptable portion of the experimental map 
according to the outputs of the model, machine limitations. 
 
 
 Figure 4.13 CP Titanium experimental matrix. Circles and stars show the welds 
generated and shaded area symbolizes the acceptable portion of the experimental map 






CHAPTER 5 RESULTS AND DISCUSSION 
 
The purpose of this project is to develop a predictive capability for gouging 
penetration depth in different materials and welding parameters. The gouging penetration 
depth model is constructed and its range of validity is tested in a variety of materials 
using D.C. GTAW at high productivity. The experiments are generated using bead-on-
plate technique on three ferrous alloys (ASTM A36, AISI304H and AISI304L stainless 
steel), two aluminum alloys (CP Al and AA5083) and CP titanium grade 3 (CP Ti). 
AISI304L and AISI304H in figures stand for low sulfur and high sulfur 304 stainless steel, 
respectively. 
The process maps for this study are generated by exploratory experiments, and 
modeling and machinery limitations. The minimum limits of gouging region in the 
process maps are obtained in section 4.5. The experimental matrixes for ASTM A36 
structural steel, AISI304 stainless steel, AA5083 and CP aluminum alloys, and CP 
Titanium are shown in Figure 4.8 to 4.12, respectively. 
The resulting scaling law for D̂ is presented in Equation 5.1 below. This 
formulation is based on the welding current, arc length, and travel speed and material 
properties (density and enthalpy). 
 
D̂ √ · ·
U· ·
                (5.1) 
 
The gouging penetration is estimated depending on both the welding arc 
properties and the material properties. D̂ versus D is presented in Figure 5.1 below. In 
this graph it can be noticed that the estimation is over predicting the penetration depth; 





In the correlation graph between D̂ and D, the data is presented by separate 
material types. However, the estimations and analysis performed by using all the data as 
one data set. 
 
 
 Figure 5.1 Correlation between D̂ and D. 
 
The simplifications of the model are presented below, as in section 3.2. In 
summary, the simplifications of the gouging penetration depth model are as follows: 
1) 1              (5.2) 
2) 1                        (5.3) 
3) /D̂  1                (5.4) 





After the gouging penetration depth estimation, the normalized observation of D, 
is used to verify the model. Normalized penetration depth (D/D̂) is plotted against the 
simplifications for validation. If a relationship between the normalization and 
simplifications does not exist, it means that the model is satisfied. No clear trend with 
respect to 1/  , δ/D̂ and D̂/  is observed in Figures 5.2, 5.4 and 5.5, which shows that 
the model satisfies the physics of the problem. The trend line is flat, so the model 
captures the variables of the problem. The model is over predicting the penetration depth, 
because the trends of the normalized penetration depths are not equal to 1 (≈ 0.275).   
Figure 5.3 presents the normalized observations for the depth of penetration 
against the simplification  / . However the hypothesis is satisfied, a clear trend 
is observed as the simplification approaches its limit of validity.  
 
 
 Figure 5.2 Normalized observations of the depth penetration against simplification 1. A 







 Figure 5.3 Normalized observations of the penetration depth against simplification 2. A 







 Figure 5.4 Normalized observations of the penetration depth against simplification 3. A 







 Figure 5.5 Normalized observations of the penetration depth against simplification 4. A 
trend is not observed in this case. 
 
It is observed that a systematic deviation occurs in the range of validity of the 
/ . Therefore, a linear regression is performed considering  / , as 
explained in Equations 3.23 and 3.27. The ratio of the heat in front of the arc over the 
direct heat input of the arc, shows that if the heat ratio is satisfied by the simplification of 
the model. A correction function ( ) is developed, as in Equation 5.6, to improve the 
estimated penetration depth, D̂ by using this unsatisfied simplification of the model. 
 
C1 · 1 C2 ·
C






The function in Equation 5.6 is used to improve the estimation. The corrected 
penetration depth (D̂+) can be expressed as: 
 
D̂+  D̂ 0.507 · 1 8.5 ·
.
         (5.7) 
 
Where, D̂+ is the corrected penetration depth estimation and the constant values 
are the C1, C2 and C3 constants of the correction function that are gained after linear 
regression analysis of the penetration depth estimation. /  is the heat input ratio 
that was not satisfied by the model input and needed to be corrected by using this ratio in 
the correction function. A minimization function ( ) is used for the regression analysis to 
improve the penetration depth estimation, as in Equation 5.8. Minimization function is 
used to find the C1, C2 and C3 in the correction function that is based on the / .  
 
∑ ln  Di/ D̂i ln  C1 · 1 C2 · ⁄ C        (5.8) 
 
Figure 5.6 shows the correlation between D and D̂+. The presented data is 
separated with respect to the material type in the Figures 5.2 – 5.6; however, in 
calculations of the correction function and corrected penetration depth estimation, all the 
data are used as one data set. AISI304L (AISI304_L) and AISI304H (AISI304_H) stand 
for low and high sulfur AISI304 stainless steels, respectively. 
Other correction functions depending on the rest of the simplifications and 
combinations of them are examined. The best fit of the correction function is gained 
when the /  simplification is used. /  is used in correction function, 
because it is the only simplification has to be satisfied. Since a trend is observed in Figure 






It is observed that the correlation in Figure 5.6 is good and captures the trends for 
the alloys studied. Scatter exists and can be associated with errors produced during 
experiments and could be introduced during the introduction of simplifications into the 





























CHAPTER 6 CONCLUSIONS 
 
The purpose of this project is to develop a predictive capability for gouging 
penetration depth in different materials and welding parameters. When the welding 
current and travel speed is high enough, the penetration mechanism is gouging 
penetration mechanism, which is different than the well known recirculating flow 
penetration mechanism. In this gouging regime, the welding penetration is generated by 
almost the direct action of the arc. 
Gouging region is generated by the plasma shear stress at high welding current 
and travel speeds. When the weld pool is depressed by arc pressure at high welding 
currents, the plasma shear stress pushes the molten metal away from the weld pool at 
high travel speeds. The limits for travel speed and welding current are expressed in 
process maps for each material. Experimental observations are made to apprehend the 
gouging penetration mechanism. Understanding of this mechanism leads to the solution 
for the gouging penetration mechanism in welding.  
A power law of the gouging penetration depth (D̂+) is estimated at high current 
and travel speed GTAW. By knowing how deep the penetration will be in high 
productivity arc welding, one can estimate how to complete the weld using additional 
welding wire or any hybrid system, after the weld pool is gouged.  
The model was constructed depending on to the scaling analysis of the 1-D heat 
transfer in gouging region using governing heat transfer equations. A fast moving heat 
source is assumed and the preheating effect of the torch is neglected together with the 
thickness of the thin liquid film in the gouging region to bring simplicity to this welding 
problem. The experimental studies are performed for the verification of the gouging 
penetration depth (D̂+) model. 
To the best of the authors’ knowledge, no closed form expression has been 





modeling provided a reliable scaling law. The formulation is valid, when the 
simplifications of the model are full-filled. The expression for D̂+ is proven to be valid for 
five different materials.  
The gouging penetration depth lies in the root of the occurrence of some welding 
discontinuities in arc welding. Understanding of the physics of the gouging region will 
lead to a better solution to alleviate the welding discontinuities such as humping, 








LIST OF SYMBOLS 
 
Pe : Peclet number 





Travel speed on the welding direction 
Velocity of the solid-liquid interface through the solid in z direction 
σq : Standard deviation of the arc 
Qgrad : Heat for pre-heating and creating the temperature gradient in the z-direction. 
Qarc : Linear heat input of the arc 
H : Mass enthalpy measured from the welding pool temperature (Twp) to T0 
ρ : Density of material at T0 
qmax : Maximum heat intensity of the arc in direct current (D.C.) 







Measured gouging penetration depth 
Estimated gouging penetration depth 
Corrected gouging penetration depth estimation 
μ : Viscosity of the material at the liquidus temperature 
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APPENDIX A: THERMOPHYSICAL PROPERTIES  
 
Thermophysical properties of the materials were put together from different 
sources and were presented with respect to the material types. For accuracy, the liquidus 
and solidus temperatures were estimated using Thermo-Calc Windows (TCW), Thermo-
Calc Command (TCC) and JMatPro (for CP Titanium) material database resources, and 
then the exact thermophysical properties at those temperatures were gained from different 
sources as cited below in each section.  
A.1 ASTM A36 Structural Steel 
Thermophysical properties of ASTM A36 structural steel were presented below, 
with respect to the temperature. The references for the figures presented below were as 
follows: 
1- TCW - SSOL2 database. 
2- TCC - SSOL2 database. 
3- Slope of Enthalpy vs. Temperature in TCW data. 
4- Slope of Enthalpy vs. Temperature in TCC data. 
5- Vatolin,  N. V.    Vostryakov,  A. A.    Esin,  O. A., Viscosity Of Molten 
Ferrocarbon Alloys, Fiz Metal Metalloved, 15 ( 2 ), 222-228, 1963.  ( For English 
Translation See Phys Metals Metallog. Ussr, 15 ( 2 ), 53-8, 1963). 
6- JAHM - Material Properties database for A36. 
7- Equation 1: α=k/ρ.cp 
8- JAHM - Material Properties database for AISI 1018. 





10- Touloukian, Y.S., Powell, R.W., Ho, C.Y., and Klemens, P.G., Thermal 
Conductivity. Thermophysical Properties of Matter. Vol. 1. 1970, New York - 
Washington: IFI/Plenum. 
11- Jyrki Miettinen, Calculation of Solidification-Related Thermophysical Properties 
for Steels, METALLURGICAL AND MATERIALS TRANSACTIONS B, Vol28B, 281-
297, 1997.* 
12- K.C. Mills and Y. C. Su, Review of surface tension data for metallic elements and 
alloys: Part 1—Pure metals, International Materials Reviews, Volume 51, Number 6, pp. 
329-351, 2006.  
 Table A-1 Liquidus and solidus temperature properties of ASTM A36. 
Units Material Properties 
Tsolidus [C] 1456.65 (Ref 1) 1457.85 (Ref 2) 1467 (Ref 11) 
Tliquidus [C] 1519.44 (Ref 1) 1517.52 (Ref 2) 1517 (Ref 11) 
Hsolidus-Hliquidus [J/kg] 305567.20 (Ref 1) 303485.60 (Ref 2) 296000 (Ref 11)
Cp l [J/kg.K] 818.56 (Ref 3) 818.73 (Ref 4) 813 (Ref 11) 
Cp o [J/kg.K] 449.29 (Ref 3) 449.16 (Ref 4) 454 (Ref 11) 
σ at Tliquidus [N/m] 1.89 (Ref 12) 
 
 
                                                 






Figure A-1 Density versus temperature for A36. 
 
 













































 Figure A-3 Thermal diffusivity versus temperature for A36. 
 
 

















































 Figure A-5 Enthalpy versus temperature for A36. 
 
A.2    AISI304 Stainless Steel 
Thermophysical properties of AISI304 stainless steel were presented below, with 
respect to the temperature. The references for the figures presented below were as 
follows: 
1- TCC - SSOL2 database. 
2- Mills, K. C., Su, Y., Li, Z., Brooks, R. F., 2004, Equations for the Calculation of 
the Thermo-physical Properties of Stainless Steel, lSlJ International, Vol. 44 (2004). No. 
10, pp. 1661-1668 (using formulations). 
3- Miettinen, J., 1997, Calculation of Solidification-Related Thermophysical 
Properties for Steels, METALLURGICAL AND MATERIALS TRANSACTIONS B, 
Vol28B, 281-297, (using formulations). 























5- Touloukian, Y.S., Powell, R.W., Ho, C.Y., and Klemens, P.G., Thermal 
Conductivity. Thermophysical Properties of Matter. Vol. 1. 1970, New York - 
Washington: IFI/Plenum. 
6- Equation 2: cp=H/T  (use T+273 instead of T, if T is in [C]). 
7- Mills, K. C., Su, Y., Li, Z., Brooks, R. F., 2004, Equations for the Calculation of 
the Thermo-physical Properties of Stainless Steel, lSlJ International, Vol. 44 (2004). No. 
10, pp. 1661-1668. 
8- Miettinen, J., 1997, Calculation of Solidification-Related Thermophysical 
Properties for Steels, METALLURGICAL AND MATERIALS TRANSACTIONS B, 
Vol28B, 281-297.* 
9- Touloukian, Y.S., Powell, R.W., Ho, C.Y., and Klemens, P.G., Specific Heat. 
Thermophysical Properties of Matter. Vol. 4. 1970, New York - Washington: IFI/Plenum. 
10- JAHM - Material Properties Database for AISI304.† 
11- Mills, K. C., Recommended Values of Thermophysical Properties for Selected 
Commercial Alloys, 2002, Materials Park, OH.‡ 
12- Touloukian, Y.S., Powell, R.W., Ho, C.Y., and Klemens, P.G., Thermal 
Diffusivity. Thermophysical Properties of Matter. Vol. 10. 1970, New York - 
Washington: IFI/Plenum. 
13- Mendez, P. F., Eagar, T. W., Penetration and defect formation in high-current arc 





                                                 
* : AISI304 Chemical composition: C=0.04%, Mn=1.5%, Si=0.5%, Cr=18%, Mo=0.3%, Ni=9.2%, 
N=0.04% 
† : AISI304 Chemical Composition: Cr=18.67%, Ni=9.5%, C=0.063%, Mn=1.11%, Si=0.46%, P=0.023%, 
S=0.017% - Curve 2: 1959 (5-10% error) Mill annealed condition 





Table A-2 Liquidus and solidus temperature properties of AISI 304. 
Units Material Properties 
Tsolidus-L [C] 1414.85 (Ref1) 1400 (Ref 11) 
Tliquidus-L [C] 1456.55 (Ref1) 1454 (Ref 11) 
(Hsolidus - Hliquidus)L [J/kg] 208418.82 (Ref1) 260000 (Ref 11) 
σL at Tliquidus [N/m] 1.82 (Ref 13) 
Tsolidus-H [C] 1401.35 (Ref1) 1400 (Ref 11) 
Tliquidus-H [C] 1445.85 (Ref1) 1454 (Ref 11) 
(Hsolidus - Hliquidus)H [J/kg] 218178.83 (Ref1) 260000 (Ref 11) 
σH at Tliquidus [N/m] 1.25 (Ref 12) 
 
 





























 Figure A-7 Thermal conductivity versus temperature for AISI304. 
 
 

























































 Figure A-9 Specific heat versus temperature for AISI304. 
 
 


















































A.3  CP Aluminum (AA1020) 
Thermophysical properties of CP aluminum were presented below, with respect to 
the temperature. The references for the figures presented below were as follows: 
1- TCC - SSOL2 database. 
2- Mills, K. C., Recommended Values of Thermophysical Properties for Selected 
Commercial Alloys, 2002, Materials Park, OH (for Pure Aluminum).* 
3- Equation 1: α=k/ρ.cp 
4- Equation 2: cp=H/T  (use T+273 instead of T, if T is in [C]). 
5- JAHM - Material Properties Database for Al 1100F.† 
6- Mills, K. C., Recommended Values of Thermophysical Properties for Selected 
Commercial Alloys, 2002, Materials Park, OH (for Al 1100F).‡ 
7- JAHM - Material Properties Database for Al 1050.§ 
8- K.C. Mills and Y. C. Su, Review of surface tension data for metallic elements and 
alloys: Part 1—Pure metals, International Materials Reviews, Volume 51, Number 6, pp. 
329-351, 2006. 
 
 Table A-3 Liquidus and solidus temperature properties of CP Al. 
Units Material Properties 
Tsolidus [C] 651.96 (Ref 1) 652.2 (Ref 2) 643 (Ref 6) 
Tliquidus [C] 659.57 (Ref 1) 660 (Ref 2) 648 (Ref 6) 
Hsolidus-Hliquidus [J/kg] 406285 (Ref 1) 397000 (Ref 2) 389000 (Ref 6) 
Cp l [J/kg.K] 1176.56 (Ref 1)
Cp o [J/kg.K] 899.67 (Ref 1) 
σ at Tliquidus [N/m] 1.05 (Ref 8) 
 
                                                 
* : Pure Al Chemical composition: Al=99.999% 
† : Al 1100F Chemical composition: Si+Fe=1%, Cu=0.20%, Mn=0.05%, Zn=0.1% 
‡ : Al 1100F Chemical composition: Si=0.85%, Cu=0.1%, Fe=0.1%, Mn=0.05%, Zn=0.1%, Al=98.8% 






 Figure A-11 Density versus temperature for CP Al. 
 
 
















































 Figure A-13 Thermal diffusivity versus temperature for CP Al. 
 
 













































 Figure A-15 Enthalpy versus temperature for CP Al. 
 
A.4  AA5083 Aluminum alloy 
Thermophysical properties of AA5083 Aluminum alloy were presented below, 
with respect to the temperature. The references for the Table A-4 and A-5 are presented: 
Thermophysical properties of CP aluminum were presented below, with respect to 
the temperature. The references for the figures presented below were as follows: 
1- Mills, K. C., Recommended Values of Thermophysical Properties for Selected 
Commercial Alloys, 2002, Materials Park, OH (for Al 5182).* 
2- Equation 1: α=k/ρ.cp 
3- JAHM - Material Properties Database for Al 5083.† 
4- TCW - SSOL2 database. 
                                                 
* : AA5182 Chemical composition: 94% Al, 4.5% Mg, 0.15% Cu, 0.35% Fe, 0.1% Cr, 0.3% Mn, 0.2% Si, 
0.25% Zn (wt%) - LM5 
† : Al 5083 Chemical composition: bal. Al, %4.75 Mg, %0.04 Cu, %0.19 Fe, %0.13 Cr, %0.63 Mn, %0.08 
Si, %0.01 Ti, %0.003 Ni, %0.007 V, %0.04 Zn (wt%) - UNS A95083. O temper; below 27C 1% error, 























5- K.C. Mills and Y. C. Su, Review of surface tension data for metallic elements and 
alloys: Part 1—Pure metals, International Materials Reviews, Volume 51, Number 6, pp. 
329-351, 2006. 
 
 Table A-4 Liquidus and solidus temperature properties of AA5083. 
Units Material Properties 
Tsolidus [C] 575 (Ref 1) 584 (Ref 4) 
Tliquidus [C] 640 (Ref 1) 642 (Ref 4) 
Hsolidus-Hliquidus [J/kg] 375000 (Ref 1) 449000 (Ref 4) 
Cp l [J/kg.K] 1220 (Ref 4) 
Cp o [J/kg.K] 951.99 (Ref 4) 
σ at Tliquidus [N/m] 0.89 (Ref 5) 
 
 Table A-5 Thermophysical properties of AA5083 [93]. 
T ρ Cp H-H25 k α α μ 
[C] [kg/m3] [J/kg.K] [J/kg] [W/m.K] [m2/s] [m2/s] [Pa.s] 
25 2650 920 0 85 3.50E-05 3.49E-05   
100 2636 980 72000 103 4.00E-05 3.99E-05   
200 2615 990 170000 116 4.50E-05 4.48E-05   
300 2592 1060 273000 128 4.65E-05 4.66E-05   
400 2568 1105 381000 133 4.70E-05 4.69E-05   
500 2540 1190 497000 139 4.60E-05 4.60E-05   
542 2526 1190 550000 135 4.50E-05 -   
633 - - 655000 - - -   
633 2354 1220 1013000 63 2.20E-05 2.19E-05 1.20E-03
700 2336 1220 1095000 65 2.30E-05 2.28E-05 1.10E-03







 Figure A-16 Density versus temperature for AA5083. 
 
 











































 Figure A-18 Thermal diffusivity versus temperature for AA5083. 
 
A.5  CP Titanium Grade 3 
Thermophysical properties of CP Titanium Grade 3 were presented below, with 
respect to the temperature. The references for the Table A-6 and A-7 are presented: 
1- JMatPro® program, Titanium database [94].* 
2- Equation 1: α=k/ρ.cp 
3- K.C. Mills and Y. C. Su, Review of surface tension data for metallic elements and 




                                                 
* : Chemical Composition for Cp Ti - Grade 3 (TiMetal®65A) Annealed at 1550F for 24 Min. : 




















Table A-6 Liquidus and solidus temperature properties of CP Ti . 
Units Material Properties
Tsolidus [C] 1667.72 (Ref1)
Tliquidus [C] 1685.72 (Ref1)
Hsolidus - Hliquidus [J/kg] 347841.77 (Ref1)
σ at Tliquidus [N/m] 1.67 (Ref 3) 
 
 
Table A-7 Thermophysical properties of CP Ti from JMatPro® Software [94]. 
T k rho cp alpha H Mu 
[C] [W/m.K] [kg/m3] [J/kg.K] [m2/s] [J/kg] [Pa.s] 
25 15.44534 4518.11 526.55 6.49234E-06 -82790.33   
30 15.48806 4517.5 528.61 6.4858E-06 -80152.31   
40 15.57351 4516.28 532.57 6.47484E-06 -74846.02   
50 15.65895 4515.06 536.35 6.46623E-06 -69501.1   
60 15.74438 4513.83 539.95 6.45992E-06 -64119.31   
70 15.8298 4512.6 543.41 6.45537E-06 -58702.24   
80 15.91521 4511.36 546.73 6.45256E-06 -53251.3   
90 16.00062 4510.12 549.93 6.45121E-06 -47767.74   
100 16.08601 4508.87 553.03 6.45107E-06 -42252.68   
110 16.1714 4507.62 556.03 6.45211E-06 -36707.14   
120 16.25678 4506.36 558.95 6.4541E-06 -31132.01   
130 16.34215 4505.1 561.79 6.457E-06 -25528.11   
140 16.42752 4503.84 564.55 6.46081E-06 -19896.21   
150 16.51288 4502.57 567.26 6.46517E-06 -14236.96   
160 16.59823 4501.29 569.9 6.47033E-06 -8550.99   
170 16.68358 4500.01 572.49 6.47602E-06 -2838.85   
180 16.76892 4498.72 575.03 6.48225E-06 2898.92   
190 16.85425 4497.44 577.53 6.48888E-06 8661.87   
200 16.93958 4496.14 579.98 6.49606E-06 14449.54   
210 17.0249 4494.84 582.39 6.50364E-06 20261.55   
220 17.11022 4493.54 584.77 6.51151E-06 26097.52   
230 17.19553 4492.23 587.12 6.51969E-06 31957.1   
240 17.28083 4490.92 589.43 6.52825E-06 37839.98   
250 17.36613 4489.61 591.72 6.537E-06 43745.85   
260 17.45143 4488.29 593.98 6.54603E-06 49674.44   
270 17.53672 4486.96 596.21 6.55537E-06 55625.49   
280 17.622 4485.63 598.42 6.56486E-06 61598.76   
290 17.70728 4484.3 600.61 6.57453E-06 67594.02   
300 17.79256 4482.96 602.78 6.58438E-06 73611.06   
310 17.87783 4481.62 604.92 6.5945E-06 79649.68   
320 17.9631 4480.27 607.05 6.60469E-06 85709.68   
330 18.04836 4478.92 609.17 6.61494E-06 91790.9   
340 18.13362 4477.57 611.26 6.62546E-06 97893.16   
350 18.21887 4476.21 613.34 6.63605E-06 104016.3   





T k rho cp alpha H Mu 
[C] [W/m.K] [kg/m3] [J/kg.K] [m2/s] [J/kg] [Pa.s] 
370 18.38937 4473.48 617.46 6.65752E-06 116324.64   
380 18.47461 4472.11 619.5 6.6684E-06 122509.56   
390 18.55985 4470.74 621.53 6.67933E-06 128714.81   
400 18.64509 4469.36 623.54 6.69044E-06 134940.25   
410 18.73032 4467.97 625.54 6.70162E-06 141185.78   
420 18.81555 4466.59 627.54 6.71273E-06 147451.29   
430 18.90077 4465.2 629.52 6.72402E-06 153736.65   
440 18.986 4463.8 631.49 6.73538E-06 160041.78   
450 19.07121 4462.41 633.45 6.74678E-06 166366.57   
460 19.15643 4461 635.4 6.75826E-06 172710.92   
470 19.24164 4459.6 637.34 6.76979E-06 179074.75   
480 19.32685 4458.19 639.28 6.78128E-06 185457.97   
490 19.41206 4456.78 641.2 6.79293E-06 191860.49   
500 19.49726 4455.36 643.12 6.80454E-06 198282.23   
510 19.58246 4453.94 645.03 6.81621E-06 204723.11   
520 19.66766 4452.52 646.94 6.82783E-06 211183.06   
530 19.75286 4451.09 648.83 6.83963E-06 217662   
540 19.83805 4449.66 650.72 6.85138E-06 224159.86   
550 19.92324 4448.22 652.6 6.8632E-06 230676.57   
560 20.00843 4446.79 654.48 6.87496E-06 237212.07   
570 20.09361 4445.35 656.35 6.88678E-06 243766.28   
580 20.1788 4443.9 658.21 6.89869E-06 250339.14   
590 20.26398 4442.45 660.06 6.91065E-06 256930.6   
600 20.34916 4441 670.6 6.83285E-06 263474.4   
610 20.43494 4439.54 672.52 6.84432E-06 270127.65   
620 20.52079 4438.08 675.74 6.84257E-06 276801.37   
630 20.60671 4436.62 677.61 6.85451E-06 283495.16   
640 20.6927 4435.15 679.73 6.86392E-06 290210.53   
650 20.77879 4433.68 681.9 6.87282E-06 296948.8   
660 20.86497 4432.2 684.11 6.88133E-06 303710.42   
670 20.95126 4430.72 686.39 6.88914E-06 310495.94   
680 21.03769 4429.24 688.73 6.89636E-06 317306   
690 21.12426 4427.75 691.17 6.90261E-06 324141.37   
700 21.21101 4426.26 693.71 6.90791E-06 331003.01   
710 21.29796 4424.77 696.38 6.91196E-06 337892.08   
720 21.38515 4423.27 699.21 6.91451E-06 344810.05   
730 21.47262 4421.77 702.25 6.91508E-06 351758.64   
740 21.56044 4420.26 706.76 6.90141E-06 358740.45   
750 21.64867 4418.76 710.35 6.89697E-06 365758.12   
760 21.73742 4417.24 714.4 6.88836E-06 372815.65   
770 21.82681 4415.73 719.05 6.8743E-06 379918.19   
780 21.917 4414.2 724.52 6.85297E-06 387072.71   
790 22.00825 4412.68 731.72 6.81613E-06 394288.87   
800 22.10088 4411.14 740.01 6.77051E-06 401580.55   
810 22.19539 4409.6 750.83 6.70381E-06 408968.16   





T k rho cp alpha H Mu 
[C] [W/m.K] [kg/m3] [J/kg.K] [m2/s] [J/kg] [Pa.s] 
830 22.39361 4406.5 787.07 6.45679E-06 424176.81   
840 22.50071 4404.93 820.42 6.22617E-06 432137.63   
850 22.61792 4403.35 876.58 5.85973E-06 440533.15   
860 22.75386 4401.74 985.18 5.24705E-06 449718.16   
870 22.92988 4400.09 1234.1 4.2227E-06 460572.52   
880 23.21001 4398.44 1925.27 2.74085E-06 475723.82   
890 23.76627 4397.21 3365.98 1.60573E-06 502118.51   
900 24.49823 4397.42 2934.39 1.89854E-06 535622.06   
910 24.9492 4398.04 1731.54 3.27616E-06 558566.85   
913.97 25.05227 4398.1 1731.54 3.28965E-06 564695.73   
920 25.09073 4397.22 618.15 9.23084E-06 568421.68   
930 25.15449 4395.75 619.21 9.24154E-06 574608.45   
940 25.21826 4394.27 620.31 9.25166E-06 580806.06   
950 25.28203 4392.79 621.46 9.26101E-06 587014.95   
960 25.34579 4391.3 622.66 9.26962E-06 593235.57   
970 25.40956 4389.81 623.89 9.27777E-06 599468.34   
980 25.47333 4388.31 625.17 9.28518E-06 605713.68   
990 25.53709 4386.8 626.49 9.292E-06 611972.01   
1000 25.60086 4385.3 627.85 9.29821E-06 618243.74   
1010 25.66463 4383.78 629.25 9.30386E-06 624529.27   
1020 25.72839 4382.26 630.69 9.3089E-06 630829.01   
1030 25.79216 4380.74 632.17 9.31336E-06 637143.33   
1040 25.85593 4379.21 633.68 9.31739E-06 643472.63   
1050 25.91969 4377.67 635.24 9.32071E-06 649817.28   
1060 25.98346 4376.13 636.83 9.32359E-06 656177.67   
1070 26.04723 4374.58 638.46 9.32592E-06 662554.17   
1080 26.11099 4373.03 640.12 9.32781E-06 668947.13   
1090 26.17476 4371.48 641.82 9.32913E-06 675356.93   
1100 26.23853 4369.91 643.56 9.32992E-06 681783.91   
1110 26.30229 4368.35 645.33 9.33027E-06 688228.44   
1120 26.36606 4366.78 647.14 9.33009E-06 694690.85   
1130 26.42983 4365.2 648.98 9.32951E-06 701171.5   
1140 26.4936 4363.62 650.85 9.32853E-06 707670.72   
1150 26.55736 4362.03 652.76 9.32702E-06 714188.86   
1160 26.62113 4360.44 654.7 9.32511E-06 720726.24   
1170 26.6849 4358.84 656.68 9.32268E-06 727283.2   
1180 26.74866 4357.23 658.68 9.32002E-06 733860.06   
1190 26.81243 4355.63 660.72 9.31682E-06 740457.15   
1200 26.8762 4354.01 662.79 9.31328E-06 747074.78   
1210 26.93996 4352.39 664.89 9.30935E-06 753713.28   
1220 27.00373 4350.77 667.03 9.30491E-06 760372.96   
1230 27.0675 4349.14 669.19 9.30026E-06 767054.13   
1240 27.13126 4347.51 671.39 9.29511E-06 773757.11   
1250 27.19503 4345.87 673.61 9.28976E-06 780482.19   
1260 27.2588 4344.23 675.87 9.28391E-06 787229.68   





T k rho cp alpha H Mu 
[C] [W/m.K] [kg/m3] [J/kg.K] [m2/s] [J/kg] [Pa.s] 
1280 27.38633 4340.93 680.47 9.27133E-06 800793.12   
1290 27.4501 4339.27 682.82 9.26448E-06 807609.65   
1300 27.51386 4337.6 685.19 9.25744E-06 814449.79   
1310 27.57763 4335.93 687.6 9.24994E-06 821313.82   
1320 27.6414 4334.26 690.03 9.24224E-06 828202.05   
1330 27.70516 4332.58 692.49 9.23423E-06 835114.75   
1340 27.76893 4330.9 694.98 9.2259E-06 842052.22   
1350 27.8327 4329.21 697.5 9.21727E-06 849014.74   
1360 27.89646 4327.52 700.05 9.20833E-06 856002.59   
1370 27.96023 4325.82 702.62 9.19924E-06 863016.05   
1380 28.024 4324.12 705.23 9.18971E-06 870055.41   
1390 28.08776 4322.41 707.86 9.18002E-06 877120.94   
1400 28.15153 4320.7 710.52 9.17005E-06 884212.92   
1410 28.2153 4318.98 713.2 9.15993E-06 891331.62   
1420 28.27906 4317.26 715.91 9.14952E-06 898477.31   
1430 28.34283 4315.53 718.65 9.13885E-06 905650.27   
1440 28.4066 4313.8 721.42 9.1279E-06 912850.77   
1450 28.47036 4312.06 724.22 9.1167E-06 920079.08   
1460 28.53413 4310.32 727.04 9.10535E-06 927335.46   
1470 28.5979 4308.58 729.88 9.09387E-06 934620.17   
1480 28.66166 4306.83 732.76 9.08201E-06 941933.5   
1490 28.72543 4305.07 735.66 9.07004E-06 949275.69   
1500 28.7892 4303.31 738.58 9.05794E-06 956647.02   
1510 28.85296 4301.55 741.54 9.04546E-06 964047.73   
1520 28.91673 4299.78 744.51 9.03301E-06 971478.1   
1530 28.9805 4298 747.52 9.02021E-06 978938.39   
1540 29.04426 4296.22 750.55 9.00729E-06 986428.84   
1550 29.10803 4294.44 753.61 8.99414E-06 993949.75   
1560 29.1718 4292.65 756.69 8.9809E-06 1001501.4   
1570 29.23556 4290.86 759.8 8.96743E-06 1009084.03   
1580 29.29933 4289.06 762.94 8.95375E-06 1016697.88   
1590 29.3631 4287.26 766.1 8.93998E-06 1024343.22   
1600 29.42686 4285.46 769.28 8.92611E-06 1032020.29   
1610 29.49063 4283.64 772.49 8.91206E-06 1039729.33   
1620 29.5544 4281.83 775.73 8.89779E-06 1047470.6   
1630 29.61816 4280.01 778.99 8.88344E-06 1055244.33   
1640 29.68193 4278.18 782.27 8.86904E-06 1063050.79   
1650 29.7457 4276.36 785.57 8.85452E-06 1070890.2   
1660 29.80946 4274.52 788.9 8.83985E-06 1078762.83   
1667.72 29.85867 4273.1 788.9 8.85738E-06 1084861.19   
1670 29.59288 4252.95 27687 2.51317E-07 1138023.54 0.00338908 
1680 28.5247 4159.23 8851.96 7.74763E-07 1406530.57 0.00335824 
1685.72 28.47953 4150.99 967.51 7.0913E-06 1432702.96 0.00334058 
1690 28.50508 4149.95 967.51 7.09944E-06 1436841.41 0.00332823 
1700 28.56483 4147.51 967.51 7.1185E-06 1446516.54 0.00329973 





T k rho cp alpha H Mu 
[C] [W/m.K] [kg/m3] [J/kg.K] [m2/s] [J/kg] [Pa.s] 
1720 28.68432 4142.6 967.52 7.15668E-06 1465866.86 0.0032443 
1730 28.74407 4140.15 967.53 7.17576E-06 1475542.05 0.00321735 
1740 28.80381 4137.68 967.53 7.19496E-06 1485217.26 0.00319088 
1750 28.86356 4135.21 967.54 7.21412E-06 1494892.5 0.00316489 
1760 28.92331 4132.73 967.55 7.23332E-06 1504567.75 0.00313936 
1770 28.98305 4130.25 967.57 7.25246E-06 1514243.03 0.00311429 
1780 29.0428 4127.77 967.61 7.27148E-06 1523918.32 0.00308966 
1790 29.10255 4125.27 967.67 7.2904E-06 1533593.61 0.00306546 









APPENDIX B: HUMPING MODEL 
 
Bradstreet [61] observed “arc crater” formation in the weld pool, when the 
welding current and travel speed were high enough to generate a surface depression in 
GMAW (wire feed speed 20 to 63 mm/s). A theory for humping formation (capillary 
instability) due to this depression was also put forward. In this theory, the generation of 
humping was explained by “arc gouge” formation [61].  
Yamamoto and Shimada [4] observed a significant change in penetration 
mechanism in GTAW under vacuum. In their study, gouging penetration mechanism was 
affective on generating the surface defects at 250 – 800 A and 6.6 – 30 mm/s. In Figure 
B-1, the classification of weld penetration was displayed on a map of travel speed and 
welding current, where different types of gouging were observed [4]. 
 
  





Savage et.al. [65] observed that welding current and travel speed had a significant 
effect on the formation of welding defects. They related the welding defect formation to 
the arc force increase by welding current and travel speed variation in GTAW. In Figure 
B-2, the welding defect formation was displayed on a process map [65]. 
 
 
 Figure B-2 Welding defect types on welding current and travel speed map in GTAW 
[65]. 
 
Shimada and Hoshinouchi [3] noted a “gouging region” in GTAW above 250 A 
at normal pressure (1 atm) and above 500 A at low pressure (0.042 atm) on mild steels. In 
their research, the defect types and weld bead morphology were classified related to the 
welding current and travel speed in low pressure GTAW. The change in welding defect 







 Figure B-3 Welding defect types on welding current and travel speed map in low 
pressure and normal GTAW [3]. 
 
Lin and Eagar [36] proposed a humping formation. This defect formation was 
explained depending on the unbalanced electromagnetic forces at high currents (> 250 A 
for AISI304 stainless steels) [36]. Starting with the hysteresis observation in weld 
penetration at welding currents (250 – 300 A), a tunnel cavity was also observed in the 
weld pool, leaving an exposed surface of the base metal surface under the arc. This cavity 
did not let any heat transfer through the depth, and this resulted in premature freezing of 
the gouging region. The cavity formation is showed in Figure B-4A, and the unbalanced 
electromagnetic forces were displayed in Figure B-4B. In Figure B-4C, top views of the 







 Figure B-4 Schematic representation of the formation of humping; a) Formation of deep 
crater, b) the unbalanced electromagnetic force flow, c) top view of welds performed 
over 250 A current and 4 mm/s travel speed [36]. 
 
Mendez et. al. [50], Mendez and Eagar [1], Mendez [54, 95] and Soderstrom and 
Mendez [2, 53] proposed an arc induced humping model when there was a gouging 
region in the weld pool at high currents and travel speed arc welding. In their theory, the 
plasma shear stress was balanced by the viscous forces of the molten metal in the trailing 
region. At this balance, surface tension driven forces played an important role in the 
solidification and movement of the liquid metal in the trailing region. The appearance of 
the surface protuberances were influenced by the surface tension driven Marangoni 
forces, and displayed different views in low and high sulfur AISI304 stainless steels. 
Some welding defects examples were displayed in Figure B-5. Note that, the defects in 
Figure B-5 were observed when there was gouging region morphology in the weld pool 







Figure B-5 Defects in GTAW due to the gouging region regime [2]. 
 
The force balance in a gouging region weld pool was explained by Mendez et. al. 
[50], Mendez and Eagar [1], Mendez [54, 95]. The aerodynamic drag force of the arc was 
balanced with the viscous forces of the molten metal in the transition line of the trailing 
region and gouging region. The force balance can be expressed in transition line (Point A 
in Figure B-6) by the aerodynamic forces as arc pressure (Pa) and the viscous forces as 
hydrostatic pressure (Ph) and capillary pressure (Pc). The arc pressure distribution and the 
transition line were displayed in Figure B-6, schematically. For depressed surfaces, the 







Figure B-6 Arc pressure distribution for flat and depressed surface [1]. 
 
The stability of gouging region in GTAW of stainless steel was shown in Figure 
B-7 on the axis of normalized pressure and normalized length. Four possible scenarios 
were shown as; no gouging region, stable gouging region, unstable gouging region and 
open gouging region. The junction points of the curves were labeled as U and S, which 
corresponded to unstable gouging region and stable gouging region, respectively. At 
these points, the arc pressure and metal pressures were balanced each other, causing a 
transition in the surface protuberances. When the arc pressure was higher than the metal 
pressures, open gouging region was observed, which the molten metal was pushed 
through the sides of the weld pool. In this regime, if the metal pressure curves cross back 
the arc pressure curve (S point), the gouging region was stable but trailing molten metal 
does existed in the gouging region. Tunnel porosity and undercutting were observed in 
this regime. If the welding current travel speed were high enough to keep the stable and 
open gouging region, the surface occurrences were parallel humping and single beading, 






Figure B-7 Stability of gouging region; Gaussian distribution represents the arc pressure, 
parabolic curves represents the metal pressure [1, 50].  
 
The force balance between the arc pressure and metal pressure was influenced by 
the welding current. The effect of current was displayed in the Figure B-8. As expected, 
welding current increments caused to an extension of normalized length.  
The arc pressure was balanced with the metal pressures at unstable and stable 
points for each welding current. In Figures B-8A the data used was gained from low 
sulfur (6 ppm) stainless steel welds, where in Figure B-8B high sulfur (230 ppm) 
stainless steels were used. Figure B-8A corresponds to no humping observations in the 
welds, which means the gouging region was filled with the material flow from the trailing 
region. However, in Figure B-8B when the metal pressures only crossed the arc pressure 
curve at unstable points, the weld displayed an open gouging region. This difference 








Figure B-8 Normalized pressure versus normalized length: A) force balance at the 
transition line at the onset of humping; B) force balance for open gouging region [1]. 
 
As part of a future study, Mendez and Eagar’s [1] arc induced humping model 
was improved using gouging penetration model and verified performing GTAW 
experiments on five different materials: low sulfur and high sulfur AISI304 stainless 
steel, A36 structural steel, CP Aluminum, AA5083 Aluminum and CP Titanium Grade 3. 
The gouging region limits for each set of materials were modeled using the improved 
humping model using corrected gouging penetration depth instead of the experimental 
value in Mendez and Eagar’s humping model.  
The contact angle at the transition line between the trailing region and gouging 
region had to be predicted accurately, however there was no data found in literature to 
estimate this angle. The contact angle (θ) values were visually examined during 
experimental studies and found as in Table B-1. αe is electrode tip angle, ρ is density at 
room temperature, σ is surface tension, Tl is liquidus temperature, H0 is room temperature 








Table B-1 Properties and parameters used in humping model. 
Material 
θ αe Tl ρ at Tl σ at Tl H0 Hl 
[°] [°] [°C] [kg/m3] [N/m] [kJ/kg] [kJ/kg] 
AISI304L 20 45 1456 7200 1.820 -20 1181 
AISI304H 80 45 1445 7243 1.250 -31 1160 
ASTM A36 30 45 1517 7016 1.8884 -15 1273 
CP Al 90 45 659 2380 0.8701 -38 1065 
AA5083 Al 90 45 642 2341 0.9100 -42 1010 
CP Ti 15 45 1686 4151 1.6674 -83 1432 
 
 
In the model, Equations B.1 – B.6 were used, as put forward by Mendez and 
Eagar [1]. The balance between arc pressure and metal pressures were examined and the 
limits of gouging region and type of surface defect were tried to be predicted more 
accurate by using the gouging penetration depth model that is presented in this thesis. 
The non-dimensional form of pressure balance between arc pressure (Pa) and metal 
pressure (capillary pressure (Pc) and hydrostatic pressure (Ph)) was expressed by Mendez 
and Eagar [1], as in Equation B.1. This pressure balance was explained as the balance at 
the transition line between point A and B in Figure B-6. The parts of Equation B.1 
corresponded to normalized hydrostatic pressure and normalized capillary pressures at 
point A (Figure B-6), respectively. 
 
⁄
· · · · ·
   (B.1) 
 
Where  is density of the material at Tl, g is the acceleration of gravity,  is the 
gouging penetration depth estimation as explained in Equation 5.1,   Pmax is the maximum 
pressure (after Lin and Eagar), σp is the width of the pressure distribution (after Lin and 
Eagar), r1 and r2 are the normalized principal curvatures of the free surface at the 
transition line, Lp is the distance of influence and l is the normalized length of the 





calculated by using the Gaussian distribution of the arc pressure and the parameters of the 
arc distribution on flat surface. 
 
exp  2    (B.2) 
 
32.85 · . · .    (B.3) 
 
1.784 · 10 · . · .    (B.4) 
 
4 ·    (B.5) 
 
After inserting the exact variables for each set of material and welding parameters 
to Equation B.1, the resulting pressure distribution curves for arc pressure and metal 
pressures were displayed in Figures B-9 – B-13. In the figures, the limits for gouging 
region were presented. The data did not display a joint distribution, because the model 
still needs to be improved by the use of exact contact angle and normalized values. 
In Figures B-9 – B-13, the data labels symbolized the gouging region limit data. 
The values for these limits were presented on the process maps in section 4.5 for each 
material. One travel speed and current value was represented in each curve of Figures B-
9 – B-13. The curves for metal pressure were labeled by 01 to 10, which stands for the 
travel speed increment.  
As observed in the following figures, when the metal pressure did not cross the 
arc pressure curve (bell shape black color curve in each figure) there was no gouging 





The welding parameters for the gouging region limit estimation welds performed 
were listed in Table C-2 at Appendix C of this thesis. The welding parameters for the 
data in Figure B-14 were shown in Table C-1, as well. 
 
 








































Figure B-10 Gouging region limit output of the humping model for ASTM A36. 
 
   





































































Figure B-12 Gouging region limit output of the humping model for AA5083 Aluminum. 
 
 




































































If the metal and arc pressure curves crossed each other, as in Figure B-14, 
gouging region was observed and weld penetration was generated by this phenomena. 
More information could be gained from the observations of the crossing curves and from 
how the curves were crossing. If the metal pressure curves crossed the “0” value in 
normalize pressure axis, open gouging region were observed, so called parallel humping. 
If the metal pressure curves crossed the arc pressure curve twice, closed gouging region 
was observed, such as tunnel porosity, single bead humping, undercutting. The surface 
defect type was affected by this pressure balance, when metal pressure curve was closer 
to the arc pressure curve in between the stable and unstable points, the defect type was 
more close to the single bead humping.   
 
 










































APPENDIX C: WELDING PARAMETERS  
 
The welding parameters for the welds performed in this study were presented in 
Table C-1 and C-2. Electrode tip to work piece distance (Lw) was constant at 6.35 mm in 
all experiments of gouging region limit estimations. In Table C-1, all of the experiments 
were displayed, however in Table C-2 only the observed gouging region limits for each 
material were shown. Also the sample numbers that were shown on Figures B-9 – B-13 
were displayed in Table C-2. 
 
Table C-1 Welding parameters of GTAW experiments. 




















20061222001 6.96E-03 300 0.005 0.000896 0.000852 0.000874 
20061222002 6.96E-03 350 0.005 0.001305 0.001402 0.001354 
20061222003 5.30E-03 350 0.005 0.001544 0.001579 0.001562 
20061224001 5.30E-03 300 0.00635 0.001411 0.001251 0.001331 
20061224002 3.93E-03 300 0.00635 0.001703 0.001766 0.001735 
20061224003 3.06E-03 300 0.00635 0.001854 0.001792 0.001823 
20061224004 1.95E-03 300 0.00635 0.002271 0.002794 0.002533 
20061224005 6.96E-03 300 0.00635 0.000905 0.001003 0.000954 
20061224006 6.96E-03 350 0.00635 0.001137 0.001100 0.001119 
20061224007 5.30E-03 350 0.00635 0.001464 0.001437 0.001451 
20061224008 3.93E-03 350 0.00635 0.001712 0.001722 0.001717 
20061224009 3.06E-03 350 0.00635 0.002413 0.002511 0.002462 
20070220001 9.20E-03 500 0.00635 0.002368 0.002315 0.002342 
20070403001 1.41E-02 500 0.00635 0.001314 0.001278 0.001296 
20070410001 1.41E-02 550 0.00635 0.001366 0.001499 0.001433 
20070410002 1.70E-02 550 0.00635 0.001215 0.001216 0.001216 
20070410003 1.70E-02 600 0.00635 0.001543 0.001552 0.001548 
20070514001 1.70E-02 650 0.00635 0.001526 0.001561 0.001544 
20070521001 1.14E-02 300 0.00635 0.000665 0.000683 0.000674 
20070521002 1.70E-02 400 0.00635 0.000790 0.000772 0.000781 
20070521003 3.93E-03 400 0.00635 0.002992 0.002927 0.002960 
20070522001 3.93E-03 450 0.00635 0.003570 0.003656 0.003613 
20070522002 1.70E-02 450 0.00635 0.000870 0.000861 0.000866 
20070522003 1.70E-02 350 0.00635 0.000852 0.000843 0.000848 





Material Sample No U [m/s] I [A] Lw [m]  D1 [m] D2 [m] D [m] 
A36 
20070529001 1.41E-02 600 0.00635 0.001978 0.001898 0.001938 
20070619001 1.41E-02 650 0.00635 0.001864 0.001873 0.001869 
20070621001 1.70E-02 500 0.003175 0.001392 0.001491 0.001442 
20070629001 1.70E-02 500 0.0127 0.000772 0.000621 0.000697 
AISI304L 
81125001-L 2.83E-02 356.5 0.00635 0.000807 - 0.000807 
81125002-L 9.48E-03 240.23 0.00635 0.001304 - 0.001304 
81201003-L 1.21E-02 357.67 0.00635 0.001756 - 0.001756 
90325003-L 1.41E-02 356 0.00635 0.001162 - 0.001162 
90325006-L 1.06E-02 525 0.00635 0.003007 - 0.003007 
90402003-L 1.18E-02 296 0.00635 0.000896 - 0.000896 
90402007-L 1.59E-02 525 0.00635 0.002200 - 0.002200 
81125003-L 1.90E-02 240.5 0.00635 0.000550 - 0.000550 
AISI304H 
90325002-H 1.90E-02 240 0.00635 0.000488 - 0.000488 
90325005-H 1.41E-02 356 0.00635 0.001162 - 0.001162 
90325007-H 1.06E-02 525 0.00635 0.002680 - 0.002680 
90402004-H 1.18E-02 296 0.00635 0.000807 - 0.000807 
90402008-H 1.59E-02 525 0.00635 0.001731 - 0.001731 
CP Al 
20070716001 1.41E-02 650 0.00635 0.005424 0.005543 0.005484 
20070716002 1.70E-02 650 0.00635 0.004089 0.004044 0.004067 
20070716003 1.70E-02 600 0.00635 0.003062 0.003175 0.003119 
20070719001 1.41E-02 700 0.00635 0.006857 0.006395 0.006626 
20070719002 1.70E-02 700 0.00635 0.005335 0.005127 0.005231 
20070719003 1.70E-02 550 0.00635 0.002893 0.002865 0.002879 
20070720001 1.70E-02 500 0.00635 0.002838 0.002564 0.002701 
20070720002 1.70E-02 450 0.00635 0.002085 0.002433 0.002259 
20070720003 1.70E-02 400 0.00635 0.002040 0.002191 0.002116 
20070927001 1.41E-02 350 0.00635 0.006066 0.006367 0.006217 
20070927002 1.14E-02 700 0.00635 0.007290 0.007150 0.007220 
20071002001 1.14E-02 650 0.00635 0.005061 0.004687 0.004874 
20071002002 9.20E-03 650 0.00635 0.004100 0.003730 0.003915 
20071002003 6.96E-03 650 0.00635 0.001698 0.001614 0.001656 
20071219001 1.41E-02 650 0.00635 0.005713 0.005503 0.005608 
20071219002 1.70E-02 650 0.00635 0.009019 0.009394 0.009207 
AA5083 
20070809001 1.41E-02 700 0.00635 0.007409 0.007769 0.007589 
20070809002 1.70E-02 700 0.00635 0.006787 0.006218 0.006503 
20070809003 1.41E-02 650 0.00635 0.005459 0.005714 0.005587 
20070809004 1.70E-02 650 0.00635 0.005372 0.005229 0.005301 
20070809005 1.70E-02 600 0.00635 0.004944 0.004346 0.004645 
20070814001 1.70E-02 550 0.00635 0.004585 0.003756 0.004171 
20070814002 1.70E-02 500 0.00635 0.003941 0.003202 0.003572 
20070814003 1.70E-02 450 0.00635 0.003276 0.003077 0.003177 
20070814004 1.70E-02 400 0.00635 0.003054 0.002501 0.002778 
20070815001 1.14E-02 700 0.00635 0.009057 0.009312 0.009185 





Material Sample No U [m/s] I [A] Lw [m]  D1 [m] D2 [m] D [m] 
AA5083 
20070815003 9.20E-03 650 0.00635 0.009744 0.008576 0.009160 
20070815004 6.96E-03 650 0.00635 0.002792 0.002439 0.002616 
20070815005 1.41E-02 400 0.00635 0.002339 0.002092 0.002216 
20070815006 1.70E-02 350 0.00635 0.002407 0.002106 0.002257 
20070815007 1.41E-02 350 0.00635 0.012197 0.012011 0.012104 
CP Ti 
2008040401 1.70E-02 300 0.00635 0.001204 0.001104 0.001154 
2008040402 1.14E-02 300 0.00635 0.001589 0.00163 0.001610 
2008041101 5.30E-03 300 0.00635 0.002668 0.002801 0.002735 
2008041102 1.70E-02 500 0.00635 0.001739 0.001631 0.001685 
2008042501 1.14E-02 500 0.00635 0.002617 0.002692 0.002655 
2008042801 5.30E-03 500 0.00635 0.004615 0.004837 0.004726 
2008042901 1.70E-02 700 0.00635 0.002851 0.00286 0.002856 







Table C-2 Welding parameters of observed gouging region limits. 
Material Sample No U [m/s] I [A] 
A36 
A36-01 1.20E-03 200 
A36-02 1.95E-03 170 
A36-03 3.06E-03 160 
A36-04 3.93E-03 150 
A36-05 5.30E-03 145 
A36-06 6.96E-03 150 
A36-07 9.20E-03 150 
A36-08 1.14E-02 160 
A36-09 1.41E-02 165 
A36-10 1.70E-02 170 
AISI304 
304-01 1.20E-03 280 
304-02 1.95E-03 230 
304-03 3.06E-03 145 
304-04 3.93E-03 140 
304-05 5.30E-03 130 
304-06 6.96E-03 125 
304-07 9.20E-03 130 
304-08 1.14E-02 135 
304-09 1.41E-02 140 
304-10 1.70E-02 155 
AA5083 
5083-01 5.30E-03 150 
5083-02 6.96E-03 140 
5083-03 9.20E-03 135 
5083-04 1.14E-02 135 
5083-05 1.41E-02 140 
5083-06 1.70E-02 145 
CP Al 
CPAl-01 5.30E-03 145 
CPAl-02 6.96E-03 145 
CPAl-03 9.20E-03 145 
CPAl-04 1.14E-02 150 
CPAl-05 1.41E-02 155 
CPAl-06 1.70E-02 155 
CP Ti 
CP Ti-01 1.20E-03 300 
CP Ti-02 1.95E-03 200 
CP Ti-03 3.06E-03 180 
CP Ti-04 3.93E-03 130 
CP Ti-05 5.30E-03 115 
CP Ti-06 6.96E-03 115 
CP Ti-07 9.20E-03 120 
CP Ti-08 1.14E-02 130 
CP Ti-09 1.41E-02 140 
CP Ti-10 1.70E-02 145 
 
